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Abstract
This dissertation documents the research endeavor conducted by the author in the field of aerodynamic flow
control. The objectives were to develop flow control actuators, investigate their mechanism, and study their
application on different flow-fields. Two flow control actuators – a pneumatic and a plasma-based one –
were developed. On an applied level, the control authority of the actuators on flow separation was tested on
multiple flow-fields and geometries. On a fundamental level, the basic control mechanism was studied using
multiple state-of-the-art diagnostic techniques.
The pneumatic actuator developed is a combination of steady blowing and vortex-generators (VGs), chris-
tened the “pneumatically enhanced/deployed actuator (PEDA)”. The control authority of the PEDAs was
studied on the Glauert-Goldschmied wall-mounted hump, a canonical geometry over which flow undergoes
separation, using multiple diagnostics, including wall-static pressure measurements, surface oil flow visual-
ization and two-dimensional particle image velocimetry (PIV) measurements. Two variants of the PEDA
– one with membrane-deployable VGs, another with always-deployed VGs – were designed and studied (at
a freestream velocity of 30 m/s). Further, for the membrane-deployable PEDA variant, two streamwise
locations were investigated. A reduction in the size and streamwise extent (by as much as 60.3% of the
baseline length) of the recirculation region was observed with increasing jet actuation. The VGs, without
jet actuation, reduced the separation bubble length by 12.3%.
A plasma-based flow control actuator called the “localized arc filament plasma actuator (LAFPA)” was
investigated in this research. The primary working mechanism of the LAFPA is the formation of DC electric
arcs, at a controlled frequency, between two electrodes embedded inside a cavity. This investigation sought
to extend the understanding of the flow control method of high-density energy deposition using LAFPAs
to boundary layer control in separated flows. Initially, the LAFPA actuator and the system driving it were
developed and the actuator was studied on a fundamental level in quiescent conditions. Subsequently, a four-
actuator LAFPA quad-array was developed and its effect on the boundary layer and separated flow over a
Glauert-Goldschmied ramp (freestream velocity approximately 35 m/s) was studied. The investigation em-
ployed multiple diagnostics, including electrical measurements, schlieren imaging, surface flow visualization
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and particle image velocimetry. Two important features of the actuator – the blast wave (traveling at nearly
sonic speeds) and the heated plume – were observed via schlieren imaging. At each actuation (average power
76 W), ejection of fluid (maximum velocity of 13.5 m/s, 0.5 mm above the cavity, at 10 ms delay, for an
actuation frequency of 1 kHz) was observed. The actuation created a perturbation in the boundary layer
that propagated downstream at a streamwise velocity of approximately 380 m/s, indicating the source of
the perturbation to be the blast wave. This perturbation was strongest for the actuation frequency range
of 1 kHz to 10 kHz. The perturbation modified the boundary layer, primarily by increasing its fullness.
It dampened as it moved downstream, and died out at approximately 17 mm (10 times the cavity width)
downstream of the actuator. The boundary layer did not seem receptive to amplifying the instability over
the wide range of frequencies (100 Hz to 100 kHz) and modes tested, and the global flow-field and the
massive separation region stayed largely unaffected. Nevertheless, the actuator has a substantial effect on
the boundary layer, and retains its potential as a boundary layer control device for perhaps more responsive
flow-fields.
The primary focus of this research endeavor was the investigation of flow control and performance en-
hancement of an S-duct inlet diffuser. The objective was to improve the flow quality (distortion and pressure
recovery) in the S-duct exit plane – the “aerodynamic interface plane” (AIP). The distortion and loss of
pressure recovery in the inlet adversely affect the performance of the engine by reducing its efficiency, its
aerodynamic envelope and increasing fatigue and operational costs. The primary goal of this research was
to improve the quality of the flow through the S-duct by increasing the pressure recovery and reducing
distortion. A new wind tunnel facility was designed and constructed to perform the experiments, with the
S-duct test-section as an integral part of it. The performance of eight PEDA variants (embedded inside
the duct) at two flow conditions (inlet Mach numbers of 0.73 - 0.77 and 0.30) was studied by wall-static
pressure measurements, surface oil flow visualization and AIP pitot-static measurements. The dominant
flow-features – the bottom wall flow separation and the counter-rotating vortices at the first bend – that
lead to performance degradation of the duct were identified and addressed. A parametric variation study
was performed (two streamwise actuator locations, three VG configurations, and two wall-jet angles). All
actuators performed well in eliminating the bottom-wall separation, weakening the twin vortices, reducing
the circumferential distortion (by as much as 53.1% of the baseline) and increasing pressure recovery (by as
much as 1.18% of the baseline). Due to the differences in the targeted flow-features by different actuator
variants, and effectively the differences in their performance and AIP total pressure distributions, the set
of actuators offers an engineered choice based on the goal (or a combination of goals), including lowering
distortion, increasing pressure recovery and decreasing specific harmonic content.
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Chapter 1
Introduction
1.1 Background and Motivation
Human flight has made substantial progress from its envisioning centuries ago and its first successful attempts
at the turn of the 20th century. The study of this field has grown into a core discipline with multiple
specializations. An aircraft is composed of multiple components, including the fuselage, the wings, the
engines, the vertical and horizontal tails, the control surfaces and the landing gear. These components
interact with the flow individually and collectively to give the desired primary effects along with certain
undesirable side-effects. The engineering challenge lies in enhancing the primary effects while mitigating the
undesirable side-effects. As is true with any engineering system, every effort to perfect a flight system and
improve its efficiency is important, from both an economic and technological point of view. While the design
of aircraft and engines has not undergone a fundamental change in the past few decades, various techniques
are being investigated and employed to improve the efficiency of the flight systems as well as to extend the
envelope of aerodynamically safe flight. A class of these techniques collectively lies in the purview of a field
that has evolved with the aforementioned targets in mind - “flow control”. This dissertation describes the
author’s efforts at making a contribution to this field.
1.2 Flow Separation and Control
When viscous flow encounters a solid object, a boundary layer is formed at the interface [1]. The fluid
velocity is lower in the boundary layer than it is in the freestream outside the layer. Inside this layer, the
viscous effects dominate the inertial effects which leads to a conversion of the kinetic energy of the flow into
thermal energy. If the static pressure increases in the direction of the flow, the pressure variation is known
as an adverse pressure gradient. In the presence of an adverse pressure gradient, the slow-moving near-wall
boundary layer fluid increasingly loses speed and eventually may undergo a reversal in its direction. In this
case, the boundary layer fails to stay attached to the surface of the object and separates. This separated
1
flow either leads to a free shear layer downstream of the object, or manages to reattach itself to the body,
depending on the shape of the body and the flow conditions. In the region between this separated fluid
and the object, the direction of the flow is reversed and this region is called the “separation bubble” or the
“recirculation zone”. Flow separation affects most systems that involve fluid flow, from aircraft, ships and
automobiles to turbo-machines and diffusers. It leads to undesirable effects such as lift reduction, increased
drag, and stall on wings and compressor blades, and reduced pressure recovery and increased distortion in
engine inlet diffusers. This motivates the desire to reduce or eliminate separation by implementing control
of the flow.
“Flow control” can be defined as the ability to manipulate a flow-field using active or passive methods, to
achieve a desired effect on the flow properties. Over the years, establishing control over a flow-field has been
attempted and achieved in various scenarios, in external and internal flows. Flow control has been used to
implement, amongst other ends, transition delay or advancement, separation prevention or provocation and
turbulence suppression or enhancement [2]. Control over these phenomena leads to changes in the flow in
terms of drag reduction, lift enhancement, mixing augmentation and noise suppression, for example. This
study primarily focuses on separation prevention, defined by Flatt [3] (1961) as boundary layer control.
Various methodologies have been employed to delay separation or hasten reattachment. Gad-el-hak and
Bushnell [4] (1991) conducted an excellent review of the physics behind steady and unsteady flow control,
as well as the large number of flow control methodologies investigated. Broadly, these methodologies can be
divided into two groups - passive and active. The active methods can be further subdivided into open-loop
or closed-loop control. Open-loop control is primarily predetermined in nature, whereas closed-loop control
incorporates the ability to react to the flow parameters via either feed-forward or feed-back control. One
of the earliest attempts to control separation was to modify the near-wall velocity profile. The passive
methods used to achieve this involved changes in geometry, such as addition of slats, flaps, vanes and ramps
to mitigate the adverse pressure gradient. Applying suction on the surface removes the low momentum
near-wall fluid, thereby delaying separation. Establishing viscosity gradients by surface heating and cooling,
cavitation, sublimation or chemical reaction has also been attempted. Minimizing relative motion between
the flow and the surface by attaching moving wall surfaces has yielded good results, for instance attaching
leading edge, trailing edge, and surface-mounted rotating cylinders on airfoils. Laminar boundary layers are
more susceptible to separation than turbulent ones. Pushing the flow to transition before it separates or
increasing the turbulence by introducing disturbances through mechanical means like strips, serrations, ridges
and bumps enables the flow to stay attached longer. Near-wall momentum addition is another approach
at separation control, as adding momentum to the decelerated near-wall fluid delays separation. In the
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following sections, three large groups of flow control methods are described.
1.2.1 Vortex Generators
A vortex generator (VG) is a structure that creates vorticity in the flow passing over it. Creating streamwise
vorticity in the flow enhances convective transport of the freestream momentum to the wall. This movement
of the high momentum fluid particles in the freestream energizes the low-speed boundary layer fluid and
helps it resist separation or hasten reattachment under an adverse pressure gradient [5]. The aeronautical
use of vortex generators was developed by Taylor at United Technologies [6] for application in diffusers.
These devices, referred to as classical or conventional fixed vortex generators, have a physical height that is
on the order of the boundary layer thickness at their installation location. These VGs suffer an additional
drag penalty, thus requiring careful optimization to give maximum benefits. Smaller form-factor devices
with heights less than the local boundary layer thickness were introduced and patented by Kuethe [7, 8] in
the 1970s and Wheeler [9] in 1984. These smaller devices, referred to in the literature as “sub-boundary
layer vortex generators (SBVGs)” or “submerged vortex generators” or “low-profile vortex generators” or
“micro-vortex generators (MVGs)”, show better performance than the classical VGs due to a lower parasitic
drag. Lin [10] (2002) performed a detailed review of the performance of these MVGs for applications
ranging from improvements in airfoil/wing performance through increased lift and/or reduced drag for low-
Reynolds number airfoils, high-lift airfoils, highly swept wings, and transonic airfoils, noise reduction, and
inlet flow distortion reduction. Lu et al. [11] (2011) performed a detailed review of the application of MVGs
in high-speed flows. Figure 1.2 gives an illustration of the different shapes and types of the VGs tested
for flow control applications. There are two types of vortical structures generated by VGs - co-rotating
and counter-rotating [12]. The co-rotating vortices transport low-momentum fluid away from the wall and
high-momentum fluid towards it. If the vortices are spaced too close to each other, their interaction makes
these opposite phenomena nullify each other. The co-rotating pairs also undergo a self-induced spanwise
displacement. Since there is no effective upwash or downwash between two co-rotating vortices, they do not
exhibit a tendency to move away from the wall. This is an advantage that helps these structures to have
a continued effect over a larger streamwise distance. In counter-rotating structures, the direction of fluid
movement (away or towards the wall) is the same for any two vortices where they interact. Thus, there is
no effective nullification of the fluid movement, even for closely spaced vortex-pairs. But, counter-rotating
vortex pairs with effective upwash between them tend to move away from the wall leading to a shorter
streamwise range of effectiveness.
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1.2.2 Pneumatic Mechanisms
Pneumatic mechanisms (Fig. 1.1) are active flow control techniques that use air to achieve desired flow
control. These mechanisms can be roughly divided into three types:
i. Steady suction: Steady suction drains away the low-momentum boundary layer fluid and thereby
delays separation. Suction was one of the earliest methods of separation flow control as implemented
by Prandtl [13] on a circular cylinder and Ackeret et al. [14] on an airfoil.
ii. Steady blowing: Tangential blowing on a 2-D boundary layer leads to a decrease in its thickness [15]. A
steady tangential jet adds momentum to the near-wall retarded fluid [2]. It also leads to a Coanda-like
effect and helps the boundary layer to stay attached.
iii. Periodic excitation: Turbulent large-scale structures exist in shear flows and increase mixing and inter-
mittently bring high-momentum fluid from the freestream flow into the boundary layer [16]. Periodic
oscillations can be used to enhance these structures and increase this momentum transfer.
Substantial research has been performed on pneumatic flow control over the last century [3]. Suction has
been used for boundary layer control since the 1920s [13, 14, 17]. Implementing a suction-based mechanism
on aircraft wings requires considerable internal plumbing. As the thickness of airfoils and wings decreased
over time with increasing aircraft speeds, the plumbing required for suction became increasingly impractical.
Also, the development of the jet engine made a steady supply of compressed air available, and the research
shifted to blowing as the primary mechanism. Blowing has been used in airfoils not only for delaying
separation, increasing lift and reducing drag, but also for achieving lift beyond the inviscid assumption (in
which separation does not exist) – called circulation control [18–20]. Blowing has also been implemented on
circular cylinders, to yield an increase in lift, decrease in drag, decrease in the shedding frequency and delay
of separation [21]. In swept wings, increasing flow separation is observed at the leading edge with increasing
angle of attack. Blowing on the leading edge of the wing can control the flow separation [22]. Blowing
has been studied in conical diffusers to control separation that is observed in the baseline case due to the
presence of strong adverse pressure gradients [23]. Tangential blowing has been investigated in engine inlets
for subsonic V/STOL aircraft to prevent the internal flow separation [24]. In compressible convex-corner
flow, the formation of a normal shock wave leads to flow separation, which increases with the convex-corner
angle. Boundary layer blowing, in which localized blowing is used to reduce the shock wave/ boundary
layer interaction effects by energizing the boundary layer, has been applied to suppress the shock-induced
separation [25]. In an axial turbine stator row, separation of the trailing-edge boundary layer is observed
over a significant amount of the total blade span, due to the presence of the adverse pressure gradient.
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Steady and unsteady blowing has been used to reduce the separation and reduce turbo-machinery pressure
losses [26]. Combined suction and blowing has been implemented on airfoils in the “co-flow jet (CFJ)”
configurations by Zha and Paxton [27] and in the alternating slots configuration by Sun and Hamdani [28].
It has been observed that for specific applications, periodic excitation achieves comparable gains as steady
blowing with much less power and air required [16]. Periodic excitation using fluidic actuators like synthetic
jets [29] has shown good results for separation control in external flows (wings, airfoils) as well as internal
flows (ducts, diffusers, inlets) [16,30–32].
1.2.3 Plasma Actuators
The pulsed plasma actuator is an active flow control actuator that either directly deposits energy into the
flow or indirectly affects it through fluidic mechanisms using high temperature plasma arcs. “Plasma”, often
referred to as the fourth state of matter, is generated when temperature increases to high levels, transforming
the molecules from solids, liquids or gases to the plasma state [33]. Plasma-based actuators use the creation
of plasma and its associated energy to stimulate the flow. Gorshkov et al. [34] (1984) made one of the earliest
studies on the application of plasma in flow control by studying the effect of glow discharge plasma on the
propogation of shock waves. Over the next few decades, many different plasma actuators were developed
and studied, for instance the dielectric barrier discharge (DBD) [35], the localized arc filament plasma
actuator (LAFPA) [36, 37], and the pulsed plasma jet/Sparkjet [38]. These actuators have been used for
various aerodynamic applications including separation control [39,40], lift enhancement [41], wing-tip vortex
control [42], noise attenuation [43,44], jet mixing [45,46] and shock wave/ boundary layer control [47,48].
Voltage-based plasma actuators use two or more metallic surfaces/ electrodes and electric voltage differen-
tials to create plasma. Since this process has no moving mechanical parts and can be controlled by electronic
signals, these type of devices can be pulsed at very high frequencies to generate a periodic excitation. This
quality makes these devices ideal for closed-loop feedback control, which requires very fast response to a
measured stimulus. They are more resistant to malfunction due to component failure or due to externally
introduced problems like the clogging of plumbing due to icing or debris, as can be potentially encountered
by pneumatic flow control systems. This makes them highly reliable. The devices do not intrude much into
the flow since the electrodes are recessed inside, or made flush with the surface of the solid body. These
attributes make the use of plasmas as a flow control mechanism very attractive. Lazar [49] performed a
study of the physics and engineering behind different plasma actuators and their applications.
The localized arc filament actuators (LAFPAs) are of particular interest to this study. These actuators
were developed by Samimy et al. [36, 37] at The Ohio State University. These actuators use a pair of
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electrodes with a small separation between them. High DC voltage is applied across the pair which leads
to an initial glow discharge due to the Townsend mechanism, followed by an electron avalanche [33]. A
channel of positive ions, called a “streamer” is formed, which allows the passage of high current between
the electrodes. The current-voltage have an inverse relationship, where the voltage across the arc drops
as the current across it increases [50]. Joule and convective heating associated with the flow of current
occurs, primarily near the cathode. This heating deposits high density energy into the surrounding air. The
LAFPA device has electrodes recessed inside a cavity. This protects the plasma from blowing downstream
when placed in a crossflow. The deposition of heat in the confined cavity is a perturbation that can affect the
flow. The repetitive pulsing of the high current DC arcs can be used to produce a streamwise distribution
of vortices in a crossflow [37]. This vorticity can be potentially used to enhance the pre-existing structures
in the flow and enhance the transport of momentum from the flow outside the boundary layer, into the
layer, enabling it to delay or prevent separation. Samimy et al. [44] implemented the LAFPAs in a Mach 1.3
jet (exit diameter based Reynolds number approximately 1 × 106). Large coherent structures and mixing
enhancement were observed in the shear layer for various azimuthal modes (at excitation Strouhal numbers
between 0.13 to 1.3). Samimy et al. [44] also studied the effect of LAFPAs on a Mach 0.9 jet (exit diameter
based Reynolds number 7.6× 106). The shear layer was perturbed to excite various instability modes in the
jet (Strouhal number range of 0.1 to 5.0), and far-field noise measurements showed a noise reduction of 0.6
to 1.0 dB. The effect of LAFPAs in shock wave boundary layer interaction has been investigated for shock
waves in Mach 1.9 and Mach 2.3 flows [51,52]. For the freestream Mach 2.3 flow, an upstream displacement
of the reflected shock by approximately one boundary layer thickness was observed. It is hypothesized that
the heating of the upstream boundary layer is the control mechanism of the LAFPAs for such flows. This
indicates potential use of LAFPAs in supersonic inlets. LAFPAs have also been implemented for control of
high subsonic cavity flows [53]. A 20 dB reduction in the peak tone for a Mach 0.6 flow over a trapezoidal
cavity was observed (cavity depth based Reynolds number 2 × 106). DeBlauw [54] investigated the effect
of LAFPAs on supersonic base flows. For a freestream Mach number of 3.0, a local thickening of the shear
layer near the actuator location was observed. The disturbance was also observed to convect downstream,
and an increase in the base pressure was measured.
LAFPAs have also been investigated using computational methods. Kleinman et al. [55] performed direct
numerical simulations (DNS) to investigate the coupling of the plasma as a heat deposition mechanism,
with a vortical jet shear layer. Fluidic ejection from the cavity created to embed the electrodes of the
actuator was observed to be an important part of the mechanism that perturbs the boundary layer and the
mixing layer. Simulations performed by eliminating the Joule heating effect of the plasma but retaining the
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fluid ejection showed marginal weakening of the control effect, hinting at the mechanism behind the LAFPAs
being primarily fluidic in nature. Further research by Natarajan and Bodony [56] validated the computational
model for the LAFPAs with experimental data obtained by particle image velocimetry measurements [54].
Post-validation, the effect of the actuator on flow separation in a two-dimensional high subsonic S-duct was
studied by DNS. Although the boundary layer thickness did not show a change from the baseline case, some
changes to the shape factor were observed very close to the actuator.
1.3 S-Duct Inlet Diffuser
Diffusers are employed in many engineering systems, for instance jet engine inlets, wind tunnels, compressors,
noise suppressors and flow-meters. Flow moving through a subsonic diffuser encounters an increase in cross-
sectional area, which in turn slows it down and increases its pressure (effectively converting its dynamic
pressure into static pressure). The primary problems associated with diffusers are adverse pressure gradients
and decelerating boundary layers, which may lead to separation. Separation causes a degradation in the
performance of the diffuser due to an increase in the flow distortion and a reduction in the pressure recovery.
Diffusers that are short and wide are particularly susceptible to flow separation due to the large change in
cross-sectional area over a short streamwise distance. This has led to substantial research and accumulation of
experimental data for diffuser design recommendations [57–59]. In order to increase the efficiency of diffusers,
various flow control methods have been tested to primarily delay separation or encourage reattachment.
Since as early as the middle of the 20th century, multiple active and passive mechanisms have been tested
including vortex generators [60–62], vanes [63], suction [64], blowing [65, 66], moving walls [67], vortex
generating jets [68], synthetic jets [69] and microjets [70].
A subsonic aircraft-engine inlet diffuser, serves a dual purpose; it decreases the speed of the incoming
airflow to a desired subsonic level while increasing the static pressure [71]. The output of the inlet is coupled
to the first engine compressor stage, and the plane where the coupling occurs is called the Aerodynamic
Interface Plane (AIP). The compressor comprises multiple blades that spin on a shaft. The blades encounter
the airflow and compress it further. To ensure that the compressor blades do not stall or undergo fatigue,
the quality of airflow as delivered by the inlet diffuser is regulated by certain guidelines (SAE ARP 1420-B,
SAE AIR 1419 [72,73]). As the flow negotiates the inlet diffuser geometry, it suffers a loss in total pressure.
This loss is compensated for by the compressor. Thus, minimizing the total pressure loss alleviates some
load on the compressor, in effect saving power and fuel.
At the beginning of aviation technology, jet engines were mounted in nacelles on or under the wings or
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the fuselage to ensure direct access to the incoming air. The diffusers for engines in these configurations
share a common axis with the engine shaft. Over time, aircraft design requirements necessitated partial or
complete embedding of the engines into the aircraft fuselage. There were multiple motivations behind this,
for instance the desire to reduce the engine heat signature and radar cross section for stealth purposes, or
to operate a third engine aft of the fuselage in a tri-jet, or to reduce the overall drag by using a blended
wing-body configuration [74] (Fig. 1.4). An embedded engine no longer has direct access to the incoming
flow. The inlet diffusers for engines in these configurations are called “Serpentine ducting inlet diffusers” or
“S-duct inlet diffusers”. These diffusers are usually shaped like the letter “S” and introduce the flow to two
bends of opposing curvatures, thereby maintaining the overall direction of the mean flow, while off-setting
the axis of the inlet face from the rest of the engine.
The following sections discuss the nature of the flow through the S-duct and the previous research con-
ducted on attempts at establishing control over it.
1.3.1 Research and Understanding of Flow Through an S-Duct Inlet
1.3.1.1 Duct Curvature and Secondary Flow
Secondary flows in curved ducts have been studied for a long time [75–78]. The core-flow near the flow axis
has a higher velocity and experiences a larger centrifugal force than the slower moving near-wall fluid. This
causes the faster moving fluid at the center to move outwards, pushing the boundary layer fluid at the outer
wall around the side toward the inner wall of the bend. The core flow sets up a continuous supply of fresh
fluid to this cycle, and thus secondary flow vortices are created at the bend (Fig. 1.5).
In 1970, Rowe [79] performed experiments on two circular cross-section pipes - one with a 180◦ bend and
another with 45◦/45◦ S-shaped opposite turns, at a pipe Reynolds number of 2.36× 105 for a core velocity
of 158 ft/s. Pitot-static pressure measurements were performed inside the pipes at various stations. It was
in this study that the secondary flow structures observed in curved ducts were also observed in an S-shaped
duct. In the S-duct, the core fluid completely replaced the wall fluid due to the secondary flow.
Bansod and Bradshaw [80] (1972) performed an experimental study of three S-ducts with an inlet flow
velocity of 45 m/s (Reynolds number of 0.5 × 106, based on the duct diameter). This study gave further
insight into the evolution of the secondary flow. It was concluded that the secondary flow generation was due
to the inviscid part of the flow - its core, consistent with the Squire-Winter-Hawthorne theory for inviscid
secondary flow, streamline deflection and vorticity creation [81,82].
Sullivan et al. [83] (1982) performed flow visualization in a 45◦/45◦ S-duct by dye injection in a water
tunnel. This helped in gaining a visual understanding of the evolution of the counter-rotating vortices.
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1.3.1.2 Counter-Rotating Vortices, Separation and AIP Distortion
After the evolution of the secondary flow in S-ducts was identified, efforts were undertaken to perform
detailed measurements of the effect of the secondary flow on the flow through the S-duct.
In their experimental study of three S-ducts, Bansod and Bradshaw [80] observed that the counter-rotating
vortices generated at the first bend undergo vortex stretching as they face a favorable pressure gradient at
the second bend. The longitudinal vortices expel the low velocity boundary layer fluid towards the duct
centerline leading to the low pressure regions observed at the AIP.
Vakili et al. [76] (1983) conducted an experimental study of an S-duct with two 30◦ bends, a circular
cross-section and an R/D ratio of 7. The entrance Mach number was 0.6 (Reynolds number of 3.25 × 106
based on the duct diameter). Five-port cone probe measurements were performed at six measurement planes
to give a detailed view of the evolution of the flow inside the S-duct. The secondary flow and the pressure
gradients inside the S-duct were measured, but no separation was observed. 1985, Vakili et al. [84] performed
an experimental study of an S-duct identical to the one studied previously in 1983, except with an area ratio
of 1.51. The flow conditions were kept the same. Both flow separation and secondary vortices were observed
in this duct. The flow remained separated through the length of the duct.
Wellborn et al. [85, 86] (1992, 1994) experimentally investigated compressible flow through a diffusing
S-duct with two 30◦ bends and an area ratio of 1.52. The inlet centerline Mach number was 0.6 (duct
inlet diameter-based Reynolds number of 2.6 × 106). They recorded benchmark data in five measurement
planes perpendicular to the duct centerline, illustrating the flow features inside the duct including the large
counter-rotating vortex pair, the separation and the total pressure distortion at the AIP.
Anderson et al. [87] (1993) performed full Navier-Stokes and reduced Navier-Stokes simulations on the
M2129 S-duct for a range of inlet Mach numbers from 0.1 to 0.8 (corresponding to an inlet diameter-based
Reynolds number range of 0.301 × 106 to 1.848 × 106). It was observed that the secondary flow-generated
vortex pairs detach from the walls as separation occurs in the duct. Once detached, the secondary flow can
no longer strengthen these vortices. The vortices undergo diffusion as well as mixing and viscous dissipation
as they travel over the length of the duct. Diffusion affects a larger area at the AIP leading to a larger total
pressure distortion whereas mixing and viscous dissipation reduce the distortion. It was concluded that an
early separation and associated lift-off will thus face both mechanisms over the longer free vortex travel
length that could lead to an increase or decrease in distortion based on their relative strengths.
9
1.3.1.3 Numerical Simulations of Baseline S-Ducts
Along with experimental investigation of the flow through S-ducts, numerical methods were implemented to
perform simulations. Since the geometry and the flow inside an S-duct is complex, with multiple challenging
flow features, these studies were important, both from a validation perspective and adding insight into the
flow-physics.
Rowe [79] performed an inviscid theory-based computational study on a pipe with 30◦/30◦ S-shaped
opposite turns and comparisons with experimental results were made. It was concluded that simulations
need to factor in the vortex dissipation effects, or else they over-predict the total pressure distortion.
Harloff et al. [88] (1993) conducted a full 3-D Navier-Stokes analysis of an S-duct with two 30◦ bends, the
same geometry as used by Vakili et al. [76,84,89]. The inlet Mach number was 0.6 and the Reynolds number
based on the duct inlet diameter was 1.76× 106. Good comparison with experimental results was obtained.
The results were consistent with previous theory that the secondary flow and the low total pressure region
at the exit are produced primarily by the inviscid rotational flow. It was concluded that the secondary flow
was driven by the inviscid pressure field, but its strength was affected by the generation of turbulent eddy
viscosity in the flow.
Experimental data were obtained for a circular cross-section S-duct labeled RAE M2129 [90] from tests
performed in the DRA/Bedford 13 ft. ×9 ft. wind tunnel. This S-duct was studied by the Fluid Dynamics
Panel Working Group 13 of the NASA Advisory Group for Aerospace Research and Development (AGARD)
[91] (1991). The purpose of the working group was to validate computational codes used in simulating
propulsion system inlet flows. Multiple research groups participated by performing CFD simulations to
analyze and understand the flow inside an S-duct [92–95].
Vakili et al. [89] (1984) performed a computational study of an S-duct with two 30◦ bends, a circular cross-
section and an R/D ratio of 7 using PEPSIG. The results were in general agreement with the experimental
results obtained earlier.
Kirk et al. [96] (2007) conducted an experimental and computational study of flow through a compact,
serpentine inlet duct at an inlet Mach number of 0.17 (corresponding to an exit diameter-based Reynolds
number of 1.02 × 106). The duct geometry had a bi-convex entrance section and a diffusing, elliptical-to-
circular exit section with an L/D ratio of 2.5. The computational study included analysis by a commercial
code (Fluent) as well as an in-house code (UNS3D). Good agreement between the CFD results of both codes
and the experimental data was obtained.
Lopes et al. [97] (1993) performed Large Eddy Simulation of the flow in an S-duct at a Reynolds number
of 13800.
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Won et al. [98] (1996) performed CFD simulations on a subsonic serpentine diffuser geometry using
two Navier-Stokes flow solvers, RANS3D and OVERFLOW. Similar trends were obtained by comparisons
between the simulations and experiments.
Lefantzi and Knight [99] (2001) developed and validated an automated design optimization process for
subsonic S-shaped diffusers to achieve a design with minimum total pressure distortion at the AIP while
maintaining the pressure recovery.
1.3.1.4 S-Duct Shape Parametric Variation
As the basic understanding of the flow through S-ducts was developing, interest was generated in the effect
of the different parameters that defined the S-duct and the flow conditions, including the inlet cross-sectional
shape, centerline curvature, area transition, L/D ratios of bends, and inlet Mach number.
Taylor et al. [100, 101] (1984) performed an experimental investigation of a circular and a square cross-
section S-duct with 22.5◦/22.5◦ opposite turns and an R/D ratio of 7. The laminar and turbulent case
Reynolds numbers based on the duct diameter were 790 and 48, 000, respectively, for the circular cross-
section S-duct and 790 and 40, 000 respectively for the square cross-section S-duct. In all cases, twin vortices
set up at each bend were observed. The boundary layer near the first bend thickened due to the secondary
flow, but the turbulent case boundary layer was thinner than the laminar case one. Due to the thickening
of the boundary layer and the presence of an adverse pressure gradient near the first bend, flow separation
downstream of the first bend near the inner wall was observed. The same ducts and flow conditions were
simulated by Towne [102] (1984) using PEPSIG, a parabolized Navier-Stokes code. Having obtained a good
quantitative match between computational and experimental results, in 1985, Towne and Schum [103] used
the PEPSIG code to compare the effect of cross-section area transition and centerline curvature on the
flow inside a duct. Three duct geometries were used. The first one was an S-duct with a cross-section area
transition of rectangular at the inlet to circular at the outlet. The second and third were modifications of the
first, with the second model being a straight duct, eliminating the centerline curvature, and the third model
being a uniform circular cross-section area S-duct. The inlet Mach number for all the computations was 0.5.
It was concluded that the curvature in the duct centerline was the primary source of the flow distortions
and total pressure losses at the AIP, whereas the shape transitions did not affect those flow features much.
Anderson and Kapoor [104] (1994) performed CFD simulations on bifurcated transitioning S-duct inlets
using the Navier-Stokes RNS3D code. The inlet throat Mach number was approximately 0.8. Multiple
duct designs were studied with different overall length ratios and area ratios. It was observed that the
duct geometry and the inlet Mach number determine the circumferential distortion distribution and level,
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respectively. Overall, the inlet Mach number had a strong effect on the duct performance, the total pressure
recovery and distortion at the outlet.
Anabtawi et al. [105] (1999) performed experiments on two diffusing ducts - one with a semi-circular
cross section and no offset and the other with an offset (S-duct) and a cross-sectional area shape change (a
semi-circle at the inlet to a circle at the outlet). The inlet free-stream velocity was 20 m/s (about Mach 0.06,
corresponding to a hydraulic diameter-based Reynolds number of 0.3 × 106). It was observed that despite
maintaining the same cross-sectional area at each axial location and identical flow conditions, the S-duct
caused flow curvature. A favorable pressure gradient was generated upstream of the first bend followed by
a strong adverse pressure gradient at the bend. This caused the boundary layer thickness to increase at a
faster rate and the flow separated more easily in the S-duct than in the straight duct. The presence of the
offset in the S-duct also generated secondary flows which produced strong vortices. These vortices collected
the retarded boundary layer flow on the inside of the first bend and also produced a surface lift-off effect
that worsened the separation.
Anand et al. [106] (2003) performed experiments to study the effect of the turning angle on the performance
of circular cross-section S-duct diffusers with a large L/D ratio of 11.4. Three diffusers with two turns each
of 15◦ , 22.5◦ and 30◦ were tested. The inlet velocity was 27 m/s (corresponding to an inlet diameter-based
Reynolds number of 1 × 105). It was observed that the pressure recovery coefficient for these diffusers
decreased with increasing turning angle.
Berrier and Allan [107] (2004) conducted an experimental investigation of four boundary layer ingesting
S-duct inlet configurations (nominal boundary layer thickness of about 40% of inlet height). The inlet Mach
numbers ranged from 0.25 to 0.83 (corresponding Reynolds numbers ranging from 5.1×106 to 13.9×106). A
computational study was also conducted for the four S-ducts using a Navier-Stokes solver. It was observed
that the pressure recovery and distortion increased with increasing (low) Mach number. For higher Mach
numbers, the pressure recovery decreased and distortion increased with increasing Mach number. Higher or
distorted boundary layer ingestion led to lower pressure recovery and higher AIP distortion.
Abdellatif [108] (2006) conducted an experimental and numerical investigation of an S-duct diffuser with
two 30◦ bends and an exit-to-inlet area ratio of 1.35, for an inlet diameter-based Reynolds number of 3×105.
Subsequently, Abdellatif et al. [109] (2008) performed a three-dimensional large-eddy simulation, using the
Smagorinsky-Lilly model as a subgrid turbulence model, to study the effect of changing the area ratio on
the flow and performance characteristics of long S-shaped circular diffusers with two 30◦ bends and a length
to inlet-diameter ratio of 11.4 for a Reynolds number of 105. Four different diffusers with area ratios of
1, 1.35, 1.51 and 1.9 were studied. The flow did not separate inside the S-duct with area ratio of 1. The duct
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with area ratio 1.51 showed the best performance.
Saha et al. [110] (2007) performed computational simulations using the standard and the renormalized
group (RNG) k- turbulence model on S-ducts with two 22.5◦ bends and various cross-section shapes of the
inlet - elliptic, semicircular, oval, rectangular, and square. The objective was to understand the effect of the
inlet shape on its performance. The Mach number at the inlet was 0.173. It was observed that the RNG k-
model predicts better than the standard k- turbulence model. Also, the elliptic-shaped inlet duct gave the
best performance (pressure recovery, loss coefficient, and flow distortion at the compressor face), whereas
the square duct produced the poorest flow characteristics.
Basoglu et al. [111] (2008) performed simulations to study the effects of different design parameters on the
performance of an S-duct. Effects of overall length, S-shape curvature and inlet entrance geometries were
studied. It was observed that the total pressure recovery decreased and distortion coefficient worsened as
the Mach number increased. But the pressure recovery increased with an increase in the angle of attack.
Increasing the length of the S-duct led to a decrease in both the total pressure recovery (due to increased skin
friction) and distortion (due to less aggressive bends). Decreasing the length of the duct led to aggressive
bends and the formation of strong vortex pairs. The distortion coefficient increased with the trapezoid side
angle, although the pressure recovery was unaffected.
Loeper and King [112] (2009) used a DOE methodology coupled with CFD to determine the factors
contributing to the performance of S-duct inlets. Five parameters were considered: duct length, vertical
offset distance, expansion ratio of the cross-sectional area, aspect ratio of elliptical entry and Mach number
at entry. Mach number and offset distance were the primary sources of pressure recovery loss and total
pressure distortion for the family of S-ducts considered, with higher performance obtained for low Mach
numbers and low offset distances. The L/D ratio affected the performance less significantly, but the total
pressure recovery was affected by its interaction with both Mach number and offset distance.
Table 1.1 summarizes the research undertaken to understand the flow through S-duct inlet diffusers.
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Name Year Type of duct Study
type
Comments
Rowe [79] 1974 45◦/45◦, 30◦/30◦ S-
shaped turns
exp,
com*
Secondary flow structures similar to curved
ducts observed
Bansod,
Bradshaw [80]
1975 Three S-duct inlets exp Secondary flow consistent with Squire-
Winter-Hawthorne inviscid secondary flow
theory
Taylor et
al. [100,101]
1984 circular and square
22.5/22.5 S-duct
exp Boundary layer thickening at the inner
bend due to secondary flow observed
Towne,
Schum [103]
1984-
85
circular and square
22.5/22.5 S-duct
com Duct centerline curvature affects distortion
and total pressure loss at AIP more than
shape transitions
Sullivan et al. [83] 1985 45◦/45◦ duct exp Dye flow visualization highlighted features
Vakili et
al. [76, 84,89]
1983-
85
30◦/30◦ circular S-
duct
exp,
com
Five-port cone probe measurements at
multiple streamwise locations detailed evo-
lution view
Wellborn et
al. [85, 86]
1985-
86
30◦/30◦ circular S-
duct
exp Benchmark pressure data in five stream-
wise planes
NASA
AGARD [91]
1991 RAE M2129 S-duct com Validation of multiple computational codes
for internal flow
Harloff et al. [88] 1993 30◦/30◦ circular S-
duct
com Secondary flow driven by inviscid pressure
field, strength affected by flow eddy viscos-
ity
Anderson et al. [87] 1993 RAE M2129 S-duct com Secondary flow does not strengthen the
twin vortices post detachment. Vortices
undergo diffusion mixing and dissipation
Anderson,
Kapoor [104]
1994 Bifurcated transi-
tioning S-duct
com Duct geometry and inlet Mach number af-
fect distortion and recovery
Anabtawi et
al. [105]
1999 S-duct exp Effect of offset versus shape transition
studied
Anand et al. [106] 2003 circular S-duct exp Effect of turning angle studied
Berrier,
Allan [107]
2004 BLI S-duct exp Effect of inlet Mach number studied
Abdellatif [108] 2006-
08
30◦/30◦ circular S-
duct
exp,
com
Effect of diffuser area ratio studied
Kirk et al. [96] 2007 compact S-duct exp,
com
Agreement between numerical and experi-
mental results investigated
Saha et al. [110] 2007 22.5◦/22.5◦ S-duct com Effect of inlet shape studied
Basoglu et al. [111] 2008 S-duct diffuser com Effect of duct length, shape curvature and
entrance geometries studied
Loeper, King [112] 2009 S-duct diffuser com DOE methodology to study parametric ef-
fect of duct length, offset, expansion ratio,
entry aspect ratio and inlet Mach number
*exp: experimental, com: computational
Table 1.1: List of research in gaining an understanding of the flow through an S-duct.
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1.3.2 Previous Research on Flow Control in S-Ducts
1.3.2.1 S-Duct Passive Flow Control
In one of the earliest attempts at flow control in S-duct inlet diffusers, Kaldschmidt et al. [113] (1973) and
Ting et al. [114] (1975) used vortex generators to restructure the development of the secondary flow in the
tri-jet Boeing 727 center-engine S-duct inlet for the refanned Pratt & Whitney JT8D engine. Several types of
flow control devices were investigated including vortex generators, boundary layer fences and turning vanes.
The vane type VGs proved most effective. The VGs were tested in both co-rotating and counter-rotating
arrangement on both the upper and lower walls of the duct. The trailing vortices in both arrangements
remained close to the wall for the second bend due to the close proximity of the AIP. For the first bend, the
co-rotating VGs performed better than the counter-rotating VGs in reducing the pressure distortion at the
AIP. This could be attributed to the tendency of the vortices produced by the counter-rotating arrangement
to lift-off the wall, thereby reducing their effect downstream of the VGs as well as increasing the distortion in
the core-flow. The co-rotating arrangement produced vortices that remained close to the wall thereby having
a stronger effect at reducing the separation as well as lower core-flow distortion. Also, the vortices created by
the co-rotating arrangement opposed the tendency of the S-duct core flow to move the low-velocity boundary
layer fluid from the upper wall towards the lower wall, thus keeping the lower wall boundary layer thin. This
marked an important shift in the methodology of the use of vortex generators, from a local one, in which
the VGs were used to prevent boundary-layer separation, to a global one, in which attempts were made to
manage the secondary flow.
Neumann et al. [115] (1980) performed an experimental investigation of a short S-shaped subsonic diffuser
with and without vortex generators. A range of Mach numbers, as high as 1.4, was tested. Analytical
models were built to estimate the flow separation initiation. Transitory separation, as indicated by dynamic
pressure data, was completely eliminated with the implementation of the VGs. For the same inlet, Stumpf et
al. [116] (1983) performed an experimental investigation of the time-varying distortion at the diffuser outlet
for an inlet Mach number of 0.9, with and without vortex generators.
Vakili et al. [84] implemented flow control in a diffusing S-duct with two 30◦ bends and an area ratio of
1.51. The entrance Mach number was 0.6 (Reynolds number of 3.25 × 106 based on the duct diameter).
Two types of vortex generators were used: half-wing type and circular rail type. Flow separation inside the
duct was successfully eliminated by the counter-rotating configuration of the wing type VGs and large rail
VGs. An improvement in the diffuser performance was observed for the wing type VGs, but the rail type
VGs worsened the flow by increasing the secondary flow and the distortion.
Over the next few years, modeling of vortex generators was implemented with computational fluid dy-
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namics to achieve performance optimization of S-ducts. Anderson et al. [117] (1992) used the Reduced
Navier-Stokes code (RNS3D) to develop a vortex generator installation in a newly designed separation-free
S-duct inlet. The objective of the installation was to control the secondary flow to minimize the AIP circum-
ferential distortion. Tests with full-scale ground testing showed a good match between the simulated and
experimentally obtained parameters. Subsequently, Anderson and Gibb [118–121] studied co-rotating vortex
generators installed in the RAE M2129 inlet S-duct using the RNS3D code. The studies indicated that the
optimum VG installation must satisfy the attached-flow requirement while minimizing the outlet distortion.
The optimally designed vortex generators were experimentally tested, and up to 80% reduction in the engine
face distortion was measured. Kunik [122] (1986) developed and tested a model for the analysis of vortex
generators in S-duct diffusers. Slater et al. [123] (1992) performed an experimental-CFD comparison of the
redesigned center engine S-duct inlet for the re-engined Boeing 727-100 with Rolls-Royce Tay 651 engines.
A full-scale test facility was constructed and tested. A three-dimensional Navier-Stokes method was used for
the CFD simulations. Further, a modified code was also implemented for modeling the vortex generators,
and excellent correlation with full scale ground testing was observed.
With the development of micro-vortex generators, studies were performed to test their effect on S-duct
diffuser flows. Reichert and Wendt [124,125] (1993) conducted an experimental investigation of the effect of
low-profile vortex generators on the flow in a diffusing S-duct with two 30◦ bends at an inlet Mach number
of 0.6 (inlet diameter-based Reynolds number of 2.6 × 106). The VG height, the streamwise location of
the array, and the VG spacing were varied. It was observed that the distortion continued to decrease with
the VG height as the circumferential extent of separation was reduced, but the maximum pressure recovery
was obtained for VG height of the order of the local boundary layer thickness. The VGs were effective
when placed upstream of the separation location, but were not very sensitive to the distance between their
location and the separation. Reducing the spacing between the VGs in the array led to a reduction in the
circumferential extent of the distortion. The best VG configuration decreased the distortion by 50% and
increased pressure recovery by 0.5%. In 1996, Reichert and Wendt [126] studied the effect of two types of VGs
on the S-duct flow - wishbone VGs and tapered-fin VGs. It was concluded that greater inlet performance
can be achieved by using VGs to counter the secondary flow development by redirecting the flow rather
than attempting to re-energize the boundary layer by mixing. Wendt and Reichert [127, 128] (1994,1996)
performed experiments to study the effects of vortex ingestion in the S-duct with and without flow control
using VGs. An eight-bladed non-rotating pinwheel placed upstream of the duct inlet created the ingested
vortex. Three different locations of the ingested vortex (center, closer to the lower wall, closer to the upper
wall) were tested with and without the VGs. When the ingested vortex was closer to the separated region,
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it enhanced the transverse flow in the duct exit plane. Other locations had little effect on the total pressure
contours at the exit.
Foster et al. [129] (1997) performed experiments on a rectangular-to-semiannular cross-section shape tran-
sition duct diffuser with an expansion area ratio of 1.53 at an inlet Mach number of 0.786 (Reynolds number
of 3.2 × 106 based on the exit diameter). Co-rotating vortex generator pairs were installed, and it was ob-
served that the total pressure distortion was reduced by the presence of the VGs, but the pressure recovery
did not increase.
Parham et al. [130] (2011) tested boundary layer fences and vortex generators in a scaled model of the
semicircular-to-circular cross section S-duct inlet of the Silent Aircraft Initiative’s Hybrid Wing Body (HWB)
design, with a 50 mph wind tunnel speed. Boundary layer fences on the upper half of the side walls led to an
11% reduction in the distortion, while the pressure losses increased by 52%. The vortex generators created
strong counter-rotating vortices, significantly increasing both distortion and pressure losses.
1.3.2.2 S-Duct Active Flow Control
Since the early 2000s, research groups began implementing pneumatic active flow control mechanisms in
S-duct diffusers. Harper et al. [131] (2000) performed experiments on a highly offset S-duct inlet diffuser at
a throat Mach number of 0.23 with suction, blowing and a combination of the two. Blowing and suction
yielded equivalent results. A combined suction-blowing with flow-rates of around 1% of the core flow gave
the best results, with observations of a 40.5% reduction in the distortion and a 9.7% increase in pressure
recovery.
Hamstra et al. [132] (2000) performed a CFD/DOE-based numerical study of flow control using microjets
and microvanes in an ultra-compact S-duct inlet. The microvanes outperformed the microjets by reducing
the distortion by as much as 5%. Experimental results matched well with the numerical simulations.
Gorton et al. [133] (2004) performed an experimental investigation of flow control in a boundary layer
ingesting inlet at an inlet Mach number of 0.15. Two flow control mechanisms, a passive and an active one,
were implemented for comparison. Micro-vortex generators in a co-rotating pattern were installed as the
passive mechanism. A high-mass flow, pulsing actuator that consisted of an electronically-controlled needle
valve was the active mechanism. The actuators could be pulsed at a frequency of 20 Hz to 200 Hz with a
duty cycle of 20% to 80%. It was observed that the pulsed jets operating at 0.55% of inlet mass flow reduced
the distortion from 29% to 4.6%. Jenkins et al. [134] (2002) had previously studied the effect of synthetic
jets on the same inlet flow, but found the tested devices to be too weak to cause significant effects.
Pradeep and Sullerey [135] (2004) performed experiments on a circular S-duct diffuser with vortex gen-
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erator jets (VGJs) for secondary flow control. The inlet Mach number was about 0.1 (inlet width based
Reynolds number of 7.8× 105). The mass flow rate injected through the VGJs was about 0.1% of the main
flow and it showed about 20% decrease in the total pressure loss and distortion coefficients at the AIP.
Florea et al. [136] (2005) developed a computational procedure for designing aggressive S-duct inlets
with flow control. The authors combined a bleed-flow control mechanism with the Environmental Control
System (ECS) of the aircraft. The flow bled from the duct was routed to the ECS to reduce overall power
requirements. It was observed that optimizing the strength and location of the bleed yielded substantial
improvements in inlet performance.
Tournier et al. [137, 138] (2005, 2006) performed flow control on a boundary layer ingesting S-duct inlet,
used in transonic cruise missiles, for a throat Mach number of 0.6. Vortex generators were implemented in
both co-rotating and counter-rotating arrangements. The co-rotating arrangement was designed to redirect
the secondary flows and proved more efficient than the counter-rotating arrangement, which was designed
to work by mixing the low-momentum fluid from the boundary-layer and the high momentum fluid from
the freestream. The co-rotating arrangement increased the pressure recovery by 1.82% at a circumferential
distortion of 0.0326. Steady injection was implemented with three Coanda-type injectors, upstream of the
separation line. The maximum increase in the pressure recovery (3.3%) and a reduction in the distortion to
an average value of 0.0282 was obtained for the maximum tested injection mass flow rate of 2% of the main
flow. It was observed that increasing the injection velocity by decreasing the slot width, as well as injecting
at an angle to address the secondary flow gave better results.
Harrison et al. [139] (2006) performed a computational investigation of the effects of ejector-pump based
fluidic vortex generating jets in a boundary layer ingesting S-duct inlet at an inlet Mach number of 0.85. A
75% decrease in the AIP distortion was observed with the ejector-pump based jets as compared with a 28%
reduction measured with conventional blowing.
Scribben et al. [140] (2006) performed experiments on a Lockheed Martin S-duct model with an active
flow control mechanism of injecting air through holes as microjets. The inlet Mach number was 0.55 (corre-
sponding Reynolds number of 1.76× 105). The microjets operated at 1% of the inlet mass flow rate. Cruise
condition and angle of attack conditions were tested. The flow control technique decreased the distortion by
as much as 70% while increasing the pressure recovery by as much as 2%.
Mathis et al. [141, 142] (2007, 2008), experimentally studied the implementation of zero-net-mass-flow
(ZNMF) actuators for separation control in a diffusing S-duct at a Reynolds number of 4.1× 104. Complete
reattachment of the boundary layer was observed due to the action of the actuators.
Owens et al. [143] (2008) conducted an experimental study for a flush-mounted boundary layer ingesting
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inlet in transonic flow conditions. Three flow control mechanisms were tested - flow control jets with different
distribution patterns and jet mass-flow rates, a vane configuration and a hybrid vane/jet configuration. The
control jets and vanes reduced circumferential distortion to acceptable levels. The hybrid vane/jet flow
control configuration reduced the off-design distortion levels to acceptable values and used less than 0.5%
of the inlet mass flow to supply the jets. For an inlet Mach number of 0.85, the application of the steady
jets operating at 1.5% of the inlet mass flow reduced the circumferential distortion, from an average value of
0.055 for the baseline, to 0.025 for the flow control case. The minimum mass-flow rate needed to meet the
average distortion goal of 0.02 was about 2.3% of the inlet mass flow. The lowest distortion levels of 0.015
were observed for the control jets with 2.5% of the inlet mass flow.
Paul et al. [144] (2008) used a twin bladed flow deflector in the flow through a 30◦/30◦ diffusing S-duct
and studied it both experimentally and numerically at a freestream velocity of 40 m/s (Re = 1.5 × 105).
A more uniform flow pattern at the exit was observed with the installation of the flow deflector, as the
counter-rotating vortices generated in the bare diffuser were destroyed by the flow control and the flow was
re-oriented.
Debiasi et al. [145] (2008) performed computations and experiments to explore the effect of flow injection
and suction in the co-flow form inside the RAE M2129 S-duct diffuser to reduce the flow separation and
produce a more uniform and higher pressure distribution at the duct outlet. The inlet Mach numbers were
in the range of 0.24 to 0.58. Injection of 2% of the main flow upstream of the first bend, and suction of the
same quantity past the second bend were effective at controlling the flow separation. Both computations and
experiments showed a more axisymmetric total-pressure distribution and higher overall pressure recovery
when flow control was implemented. The results also suggested that uniformity and symmetry of the total
pressure distribution should be obtained by spreading the same control flow over a larger angle on the duct
walls.
Anand et al. [146] (2008) experimentally studied the performance of an S-duct diffuser with two 22.5◦
bends and an area ratio of 1.9 to establish the effects of swirl. Clockwise and counterclockwise swirlers with
±20◦ vane angles were implemented. The overall pressure recovery was observed to increase by about 40%
due to the swirl at the inlet, irrespective of the swirl direction. While a pair of vortices was observed for the
baseline flow, the swirl flow had no vortex pair and only circular motion.
Ferrar et al. [147, 148] (2009, 2011) experimentally studied a boundary layer ingesting inlet designed by
UTRC. A bleed flow control that utilized less than 2% of the total inlet flow was implemented. Two bleed
slots were cut into the duct at different streamwise locations. The system reduced inlet distortions by as
much as 30%.
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Vaccaro et al. [149] (2010) performed an experimental investigation of the effect of actuator jets blowing
in a rectangular-to-square cross-section S-duct for an inlet Mach number of 0.43. It was observed that 2-D
blowing (throughout the span with no spanwise variation) did not improve off-centerline pressure recovery
due to its inability to address the 3-D features inherent in the duct. When spanwise variation was introduced
in the blowing, the location of the 3-D structures was altered.
Delot et al. [150] (2011) experimentally studied flow control in an S-duct diffuser using mechanical vortex
generators and continuous or pulsed microjets. The inlet Mach number was between 0.2 to 0.4 (Reynolds
number of 1.5 × 106 based on the inlet diameter). It was observed that the VGs were more efficient in
reducing flow distortion than the continuous or pulsed jets, presumably due to the insufficient jet velocity.
Spectral analysis indicated that two different dynamic mechanisms exist in the separation region. The high
frequency mechanism was associated with a longitudinal movement of the separated flow. The low frequency
mechanism was associated with the lateral movement of the large twin vortices in the duct. The flow was
observed to be receptive to flow control devices operating at a frequency corresponding to these two physical
phenomena present in the baseline case.
Gissen et al. [151] (2011) experimentally studied a boundary layer ingesting inlet at an inlet Mach number
of 0.55 using a hybrid flow control combination of passive vanes and active synthetic jets. It was observed
that both elements reduced the distortion individually, but yielded the best results when operated together,
to give a 35% reduction in the distortion. One advantage of having a hybrid system was that while the
synthetic jets could be turned on or off as desired, the passive vanes would always provide some flow control,
which the authors refer to as “failsafe” operation.
Ng et al. [152] (2011) tested three different flow control methods (vane-type vortex generators, variable
directional tangential blowing and vortex generator jets) for a large curvature S-duct with uniform square
cross section at a freestream velocity of 5 m/s (Re = 4.73 × 104). The devices tested were effective at
suppressing the flow separation at the inside wall of the first bend and reduced total pressure loss while
increasing the swirl at the exit. It was concluded that the elimination of flow separation in the first bend
and the change in the configuration and location of the streamwise vortices on the outer wall of the second
bend led to an increased radial pressure difference between the side walls thereby increasing the swirl at the
AIP.
1.3.2.3 S-Duct Flow Control Numerical Simulations
Mohler [153] (2004), performed CFD simulations using the Wind-US flow solver for the RAE M2129 S-duct
diffuser with and without vanes, over a range of Mach numbers from 0.2 to 0.7. The baseline duct exhibited
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massive flow separation. The flow separation was eliminated and the aerodynamic losses were reduced when
the vanes were modeled. Simulations and previous experiments gave matching values for the total pressure
recovery and the distortion near the duct outlet.
Jirasek [154] (2006) performed a design of experiments and CFD-based vortex generator flow control
optimization study on the RAE M2129 S-duct inlet. A vortex generator model was used to simulate the
effects of the VGs, and five design parameters were used. It was observed that the optimum size of the VGs
was a function of the location of separation and the boundary layer thickness at that point. The length and
spacing of the VGs were shown to have weaker influence on their effect. The inclination angle of the VG
row had little effect on the distortion at the AIP.
Sahni et al. [155] (2009) conducted 3-D numerical simulations of steady, tangential jet flow control in an
S-duct diffuser at an inlet Mach number of 0.45. For the highly aggressive duct, minimal effects of the flow
control based on 0.8% steady blowing were observed.
Johnson et al. [156] (2010) performed computational simulations of a boundary layer ingesting S-duct with
microjet active flow control devices.
Lee et al. [157] (2010) implemented evolutionary optimization and a data mining strategy for effficient
automatic design of vortex generators in a boundary layer ingesting S-duct inlet. The design parameters
considered were height, width, position and angle of the VGs in the circumferential and stream-line directions.
High fidelity Navier-Stokes simulations of the flow coupled with GA or MOGA optimization were performed.
Dudek [158] (2010) modeled vortex generators in the Wind-US code for subsonic flow in a circular S-duct
with 22 co-rotating vane-type VGs, for throat Mach numbers from 0.35 to 0.80. It was observed that the
VGs have a minimal impact on the total pressure recovery in this duct. Only a slight benefit at the higher
throat Mach numbers was observed. But, the VGs greatly improved the distortion by redistributing the low
pressure region around the circumference of the duct.
Table 1.2 summarizes the efforts undertaken to establish flow-control over the flow through S-duct inlet
diffusers.
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Name Year Type of duct Flow control device Flow
control
method
Kaldschmidt, Ting
et al. [113,114]
1973-
75
Boeing 727 center-engine VGs, BL fences, vanes passive
Neumann, Stumpf
et al. [115,116]
1980-
83
S-duct diffuser VGs passive
Vakili et al. [84] 1984 30◦/30◦ S-duct half-wing, rail VGs passive
Anderson et al. [117] 1992 RAE M2129 VGs passive
Anderson,
Gibb [118–121]
1992-
98
RAE M2129 co-rotating VG passive
Kunik [122] 1986 S-duct diffuser VGs passive
Slater et al. [123] 1992 Boeing 727 center-engine VGs passive
Reichert,
Wendt [124–126]
1993-
96
30◦/30◦ S-duct wishbone, tapered-fin
MVGs
Foster et al. [129] 1997 S-duct diffuser co-rotating VGs passive
Harper et al. [131] 2000 highly offset S-duct suction, blowing active
Hamstra et al. [132] 2000 ultra-compact S-duct microjets and microvanes active, passive
Gorton et al. [133] 2004 BLI S-duct co-rotating MVGs, puls-
ing mass flow
active, passive
Jenkins et al. [134] 2004 BLI S-duct synthetic jets active
Pradeep,
Sullerey [135]
2004 circular S-duct vortex generating jets
(VGJs)
active
Mohler [153] 2004 RAE M2129 vanes passive
Florea et al. [136] 2005 aggressive S-duct bleed flow active
Tournier et
al. [137,138]
2005-
06
BLI S-duct co/counter-rotating VGs,
injection
passive, active
Harrison et al. [139] 2006 BLI S-duct ejector-pump based VGJs active
Scribben et al. [140] 2006 Lockheed Martin S-duct microject injection active
Jirasek [154] 2006 RAE M2129 VG optimization passive
Mathis et
al. [141,142]
2007-
08
S-duct diffuser zero-net-mass-flow
(ZNMF) actuators
active
Owens et al. [143] 2008 BLI S-duct jets, vanes active, passive
Paul et al. [144] 2008 30◦/30◦ S-duct twin bladed flow deflector passive
Debiasi et al. [145] 2008 RAE M2129 suction and co-flow active
Anand et al. [146] 2008 22.5◦/22.5◦ S-duct swirlers passive
Ferrar et
al. [147,148]
2009-
11
UTRC BLI S-duct bleed active
Saha et al. [155] 2009 S-duct diffuser steady tangential jet active
Johnson et al. [156] 2010 BLI S-duct microjets active
Vaccaro et al. [149] 2010 S-duct diffuser blowing active
Lee et al. [157] 2010 BLI S-duct VG optimization passive
Dudek [158] 2010 circular S-duct co-rotating vane type VGs passive
Delot et al. [150] 2011 S-duct diffuser VGs, continuous-pulsed
microjets
passive, active
Gissen et al. [151] 2011 BLI S-duct vanes and synthetic jets hybrid
Ng et al. [152] 2011 large curvature S-duct vane type VGs, tangential
blowing, VGJs
passive, active
Parham et al. [130] 2011 SAI S-duct BL fences, VGs passive
Table 1.2: List of research attempting control over the flow through an S-duct.
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1.3.3 Glauert-Goldschmied Airfoil-Based Wall-Hump Model
The Glauert-Goldschmied airfoil-based wall-hump model is a variation of the upper surface of a Glauert-Glas
II airfoil [159]. Figure 1.3 shows a schematic drawing of the model and the flow over it. As subsonic flow
encounters this body, it accelerates until it reaches the model “knee” at about x/c = 0.66. Downstream of
this point, the wall of the model moves away from the flow, thus giving it a diffuser like region. Even in
the low subsonic regime, the flow separates at the knee. The flow eventually reattaches to the bottom wall
further downstream of the model. This creates a well defined recirculation region just downstream of the
knee.
Seifert and Pack [160] (2002) first proposed and studied this wall-hump experimentally. A wide range of
Reynolds numbers (2.4× 106 to 26× 106) were tested, for Mach numbers around 0.25. Wall-static pressure
measurements indicated the separation region over the diverging part of the model. Spanwise wall-static
measurements indicated considerable spanwise uniformity. It was observed that the Reynolds number has
a very weak effect on the model pressures. Active flow control was implemented on the model in the form
of periodic excitation and steady blowing and suction. It was observed that periodic excitation and suction
performed better at separation control than steady blowing. Naughton et al. [161] (2006) performed skin-
friction measurements on the wall-mounted hump using oil-film interferometry, to add to the understanding of
the flow physics. Further, accurate measurement of the skin-friction helps in validating numerical simulation
solutions and turbulence models. Greenblatt et al. [162,163] (2006) performed an experimental investigation
of the wall-hump for the baseline case, and using two flow control methods – steady suction and zero
mass-flux oscillatory blowing. A range of Reynolds numbers (0.372 × 106 to 1.115 × 106) were tested, for
Mach numbers around 0.12. Detailed measurements were performed by diagnostics including time-mean
and unsteady surface pressure measurements, particle image velocimetry, and via oil-film interferometry (for
wall-shear stress). It was observed that flow control increased three-dimensionality of the flow, which is
considerably two-dimensional for the baseline case. A reduction in the size of the separation bubble was
observed for the controlled cases.
The Glauert-Goldschmied wall-hump was one of the case studies in a workshop conducted by NASA
(CFD Validation of Synthetic Jets and Turbulent Separation Control, 2004) [164]. It was chosen due to the
well-defined, fairly two-dimensional separation region, over which flow control via different means (steady
suction and oscillatory blowing) was studied computationally. Through this workshop and beyond, this
model has been used as a testbed for computational studies using multiple numerical techniques including
RANS, URANS, DES and DNS [165–175].
Thus, this model is well-studied experimentally as well as numerically, and a substantial amount of data
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exists for the baseline as well as controlled cases. Further, it has served as a benchmark validation case for
different computational studies. Hence, the model is an ideal geometry for the purpose of validating new
separation control actuators and studying their control mechanisms.
1.4 Flow Control Actuators Investigated
This section describes the two flow control mechanisms chosen for experimental research by the author - a new
pneumatic hybrid flow control mechanism named the “pneumatically enhanced/ deployed actuator (PEDA)”
and the plasma-based active flow control mechanism “localized arc filament plasma actuator (LAFPA)”. The
LAFPA has been described earlier in Section 1.2.3, along with a review of the research conducted to study
its effect on a range of flow-fields, as well as to investigate its basic mechanism.The pneumatically enhanced/
deployed actuator (PEDA) concept is a combination of an active and a passive flow control technique. In the
deployable version, pneumatic actuation forces are used to lift a flap which effectively replicates the geometry
of an inverted ramp passive vortex generator. In addition, a wall-jet emerges from the center of the VG
base, tangential to the wall, to act as the active actuator. In the enhanced, or always-deployed version, the
inverted ramp is a solid structure with a channel cut out for the emerging wall-jet. The streamwise vorticity
generated improves the boundary layer health, to delay flow separation and/ or encourage reattachment.
The wall-jet also creates a near-wall energization and a Coanda-like effect that aid the same purpose. Each
actuator comprises multiple VG/wall-jet sub-actuators. By orienting the VG/wall-jets in different directions,
very specific arrangements can be designed. Two different arrangements were used for this research. In the
first arrangement, all sub-actuators were oriented in the streamwise direction with the wall-jets exhausting
downstream. In the second arrangement, the sub-actuators were oriented at an angle to the flow direction,
creating a cross-flow wall-jet exhaust.
1.5 Summary
This research has multiple objectives, spanning fundamental scientific investigation to technology applica-
tions development. Flow control is a fairly fecund field. Numerous ingenious mechanisms and actuators have
evolved over time to address different problems. One objective of the research presented in this dissertation
is on an application of technology level: to design and develop actuator systems using both pneumatic and
plasma-based methods for flow control. Inspiration drawn from previous and contemporary efforts at sepa-
ration control is combined with novel ideas to develop and/ or implement two actuator systems, the hybrid
pneumatic and the active plasma-based. The evolution and development of the systems presents its own
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unique challenges that needed to be surmounted to have a working device for research. The lessons learned
on various topics during this effort are elaborated on in this dissertation.
Subsequent to the development of the pneumatic actuators (PEDAs), their control authority in external
and internal flow was explored. At a fundamental level, this research endeavored to understand and explain
the physical mechanisms behind the said control authority. This necessitated a well-defined separated
flow-field to study the effect of the actuators. The Glauert-Goldschmied wall mounted hump provided the
means. The recirculation region that begins at the knee of the diverging part of the body and ends further
downstream is a very well defined feature. The PEDAs were implemented in the flow over the Glauert-
Goldschmied wall-hump. Interrogation of the flow was performed using various diagnostics including total-
static pressure measurements, oil surface flow visualization, pressure sensitive paint with helium tufting,
schlieren imaging, and particle image velocimetry. Each diagnostic offered unique and often exclusive insight
into the flow.
The next objective was improvement of the performance of an S-duct inlet diffuser, and investigation of
the effect of PEDAs on the flow-field. Substantial research, both experimental and computational has been
performed to gain an understanding of the flow inside S-duct inlet diffusers. An overview of the previous
research was provided earlier. On a conceptual level, the flow-field is a combination of curved duct flow and
diffuser flow. Naturally, initial attempts at understanding the S-duct flow involved extending the physics
of the duct and diffuser flows to the more complex flow-field. Fundamental research has led to a good
understanding of the primary flow features inside the S-duct diffuser. Further, efforts to establish control
over the flow and to improve the overall performance of the S-duct led to the implementation of various flow
control mechanisms. Initial efforts at flow control were primarily passive, with vortex generator and vane
installations. These techniques have also been implemented in commercial S-ducts, for the center engine
of a tri-jet. In later years, many active pneumatic flow control methods were implemented and studied.
The investigations highlight the importance of addressing the secondary flow in the S-duct to modify its
performance. While boundary layer control, as a local application of flow control mechanisms, can prove
effective at controlling separation, the flow inside the S-duct is considerably more complex. The counter-
rotating vortex pair is a core-flow structure. Although the boundary layer fluid has an important role to play
in the evolution of these vortices, the centrifugal force acting on the high-speed core-flow is the driving force.
Thus, addressing these structures as a global flow control method has been proposed and implemented. A
detailed overview of the previous research was presented earlier in this chapter. These findings have been
extremely important as guidelines for the research presented in this dissertation. The S-duct chosen for
this investigation is one of the most complex geometries studied, involving axis offset, area change as well
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as cross-sectional shape change. The fundamental flow features have been reconfirmed, and the increase in
overall diagnostic capabilities has yielded a much denser and more comprehensive dataset. Interrogation of
the flow was performed using various diagnostics including pitot-static pressure measurements, wall-static
pressure measurements and oil surface flow visualization.
The localized arc filament plasma actuators have been investigated for multiple flow-fields. However,
since they are relatively new, having been developed about a decade ago, there is a lot of potential for
investigation on both fundamental and applied levels. The basic actuation mechanisms of the LAFPAs is
still not completely understood. Also, while the effect of these actuators on multiple flow-fields has been
investigated, their effect on a turbulent boundary layer near an adverse pressure gradient and separated
flow region has not been investigated. This research aims to gain further understanding into the actuation
mechanism of LAFPAs as well as to enlarge their areas of application. To that end, the primary objective of
the research was to develop the capability to work with LAFPAs, and plasma-based actuators in general. The
challenges of plasma-based actuators based on the electrical aspects leads to constraints in the diagnostics
that can be implemented. This presented another goal for this research, to improve the ability to implement
various diagnostics to study them. A diffuser ramp based on the Glauert-Goldschmied geometry was used
to perform the investigation of the LAFPAs. Multiple diagnostic methods were used to study the actuators
and its effect on the flow-field, including power measurements, schlieren imaging, surface flow visualization
and particle image velocimetry.
The dissertation is divided into five chapters, including this introduction. Each of the following chapters
elaborates on the investigation of an actuator/ flow-field combination and as such is quite stand-alone. Hence,
the actuator specifics, experimental setup and diagnostics for each chapter are described at its beginning.
Chapter 2 details the investigation of the pneumatic actuators in incompressible low subsonic (Mach ≈ 0.1)
flow over the Glauert-Goldschmied wall-hump. Chapter 3 details the development of the high subsonic S-duct
inlet diffuser testing facility and the development and implementation of the pneumatic flow control actuators
for its performance improvement. The flow regime ranges from borderline compressible medium subsonic
(Mach ≈ 0.3) to compressible high subsonic (Mach ≈ 0.8). Chapter 4 describes the investigation performed
for application of the plasma actuators in the flow over the diffusive part of the Glauert-Goldschmied wall-
hump. The investigation focuses primarily on the incompressible flow regime (Mach ≈ 0.1). Chapter 5
summarizes the findings and makes recommendations for potential future research.
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1.6 Figures
Figure 1.1: Schematic showing different pneumatic actuator mechanisms: blowing (top), suction (middle)
and periodic excitation (bottom).
Figure 1.2: An illustration of the different types and shapes of vortex generators.
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Figure 1.3: A schematic of the Glauert-Goldschmied model used for testing flow control mechanisms. The
flow is from left to right, and the separation bubble over the downstream diffusive part of the model is
drawn for illustration.
Figure 1.4: Examples of S-duct diffusers in aircraft (images taken from public domain). Left: Dassault
Falcon 50 tri-jet with S-duct inlet on the middle engine at the rear. Right: Computer-generated image of a
version of the NASA blended wing body (BWB) X-48 aircraft with three boundary layer ingesting S-duct
inlets.
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Figure 1.5: An illustration of the secondary flow vortices generated downstream of the first bend in an
S-duct inlet.
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Chapter 2
Glauert-Goldschmied Wall-Hump
Hybrid Flow Control
This chapter describes the study conducted with the hybrid pneumatically enhanced/ deployed actuators
(PEDAs) on separation control for flow over the Glauert-Goldschmied wall-hump model. The objectives of
the study were three-fold - to study separation control in a two-dimensional external flow, to validate the
control authority of the PEDA system, and to provide insight into the flow details and actuator performance
that are not measurable in more complex geometries/flow-fields. At the beginning of the chapter, the
motivation behind choosing the Glauert-Goldschmied geometry and conducting experiments on it with the
PEDAs is described. The type of PEDA variants developed and constructed, experimental setup and the
different diagnostics employed to study the flow-field are described next. These diagnostics include wall-static
pressure measurements, surface oil flow visualization, particle image velocimetry, and a pressure-sensitive
paint-based helium tufting visualization technique. The results obtained from the investigation are detailed
and analyzed, and inferences regarding the performance of the PEDAs are drawn. The chapter ends with a
summary of this investigation. While this investigation is complete on its own, with a well-defined primary
objective, the secondary objective and the larger motivation behind it was the development and validation
of the PEDAs for subsequent implementation in the more complex flow-field - the flow through an S-duct
diffuser inlet.
2.1 Experimental Setup and Actuator Design
The Glauert-Goldschmied model, wall-hump, as described earlier, is a canonical geometry with a diverging
part, that begins at approximately the x/c = 0.66 location. As the flow encounters the hump, it initially
accelerates, leading to a drop in the static pressure. As the flow reaches the diverging part of the model,
it begins decelerating relatively quickly, and leads to a rise in the static pressure. This sets up an adverse
pressure gradient over the diverging part. The flow fails to stay attached over this region, and separates,
even for low velocities. The separation point is fairly well-defined at approximately the “knee” of the model
where the diverging part begins. This also creates a well-defined recirculation region downstream of the
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model, which is fairly two-dimensional over the span of the model. As the flow has been studied in detail,
both experimentally and numerically, the flow-field is well analyzed. This made the Glauert-Goldschmied
wall-hump an ideal test-model to study the effects of the proposed hybrid separation control actuator, the
pneumatically enhanced/deployed actuator (PEDA).
2.1.1 Glauert-Goldschmied Models
Three variants of the Glauert-Goldschmied wall-hump model were designed and fabricated for testing. Figure
2.1 shows CAD schematics (profile views) of the three models. The first model (named Model 0) included
a flat section (1 in. streamwise dimension) at the maximum thickness location. An array of the PEDAs
was embedded in this flat section insert. While these geometry modifications were primarily included due
to machining constraints, they did not alter the flow-field too strongly due to their location upstream of the
separation region and at a streamwise station where the profile slope was not too large. The effective chord
length of Model 0 was 8.19 in. with a span of 10 in. The second and third models (named Model 1 and
Model 2, respectively) eliminated the flat section. The chord length of both these models was 7.19 in. with
a span of 10 in. The coordinates of the cross-sections of the models are given in Appendix A.
Figure 2.2 shows close-up views of the vortex-generators (VGs) of the PEDAs for the three models. The
PEDA variant used in Model 0 and Model 1 is called “membrane-deployable PEDA” (Fig. 2.2a), and the
variant used in Model 2 is called the “always-deployed PEDA” (Fig. 2.2b), based on the type of VGs used,
as explained later. In Model 0, each actuator was machined as a cavity, recessed into the flat section insert,
connected to the internal pneumatic source. A flexible vinyl strip was stretched over the span of the model.
Slits were cut into the sheet to accommodate the exit of the jet stream (Fig. 2.2c), effectively at a streamwise
location of x/c = 0.51. As the jets were exhausted through the slits, the vinyl surface around the slits would
deform to form a contour giving rise to a basic weak vortex-generator (VG) shape (Fig. 2.2d) . This feature
of deployability based on the jet actuation is the reason behind the variant name (membrane-deployable).
There were 11 such actuators placed over the spanwise extent of the model, with the width and length of
each actuator being 0.4 in. and 0.45 in., respectively.
Two-dimensional computational fluid dynamics (CFD) simulations were performed by Dr. Sang Lee,
then a post-doc at Illinois, for four different actuator streamwise locations (at x/c = 0.51, 0.58, 0.64 and
0.7), starting from the location chosen in Model 0, and for different actuation jet velocities. The objective
was defined as minimizing the strength of the ejecting jet to yield the same effect on the recirculation
region. Guided by the CFD results, the optimum location (at x/c = 0.64) of the four streamwise locations
of the actuators was selected for Model 1 and Model 2. The actuators were embedded inside the models
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such that the actuator jet exit-plane would lie at the optimum streamwise location (x/c = 0.64). The rapid
prototyping technique stereolithography was employed to fabricate the models and allowed the unique design
of the actuators. The actuation mechanism in Model 1 was similar to the one used in Model 0 - a vinyl sheet
with slits in it, that contour as the jets exhaust through ten equally-spaced spanwise locations. Each cavity
of this ten-actuator array was 0.4 in. wide and 0.45 in. long.
In Model 2, an array of ten actuators with solid VGs were embedded at the chosen optimum location.
Since these VGs were not deployable like the membrane-deployable variant, this variant was named “always-
deployed PEDA”. An inverted ramp was used to create the vortex-generator shape with the jet exhausting
out of the base of the wedge facing downstream. The length, width and height of the ramp was 0.45 in.,
0.4 in. and 0.1 in., respectively. The width and height of the jet exhaust outlet were 0.3 in. and 0.05 in.,
respectively.
Table 2.1 gives the comparative details of the three models.
Table 2.1: Details of the three Glauert-Goldschmied models
Model 0 Model 1 Model 2
Chord length 8.19 in. 7.19 in. 7.19 in.
Unactuated separation bubble
streamwise length (PIV)
2.7 in. 3.07 in. 2.69 in.
Type of actuator Deployable Deployable Always-deployed
Actuator location criterion Maximum thickness CFD optimized CFD optimized
Actuator streamwise location 0.51c 0.64c 0.64c
No. of spanwise actuators 11 10 10
Figure 2.3 gives a close-up of a three-quarter section view of Model 2, with the internal plumbing as well
as the external MVG shape visible. All three models had similar plumbing, and Model 2 is used for this
description as an illustration. A plenum manifold was machined inside the model that distributed the high
pressure air to each actuator. Compressed air, sourced from the building compressor system, was fed into
the internal plenum from the bottom of the model via inlets. Each actuator was connected to the plenum
manifold via channels. By regulating the pressure of the air fed into the plenum, the flow-rate through the
actuator was controlled.
2.1.2 Wind Tunnel Facility
All tests were performed in the low-speed AEROLAB Educational Wind Tunnel (EWT) System (Fig. 2.4).
It has a test section with 12” X 12” X 24” dimensions, and an airspeed range of 4.5 m/s to more than 65 m/s.
The air is guided to the test section through a 9.5:1 contraction ratio bellmouth inlet. A honeycomb flow
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straightener and turbulence-reducing steel wire screens placed in the inlet result in freestream turbulence
levels of less than 0.2%. The wind tunnel fan can be controlled via analog and digital signals through a
solid-state variable frequency drive. This wind tunnel was operated at low subsonic speeds of about 30 m/s
for most of the tests. Roughness strips were glued to the bottom wall, upstream of the test section, to induce
transition of the boundary layer from laminar to turbulent. Using particle image velocimetry, the incoming
boundary layer mean thickness was estimated (δ = 5.1 mm and δ∗ = 1.2 mm). The flow-rate through the
boundary layer was estimated as approximately Q = 62 cfm. This flow rate was used to non-dimensionalize
the actuation flow rates by defining the actuation coefficient Cq = q/Q where q is the actuation flow rate.
2.2 Diagnostic Techniques
2.2.1 Pressure Measurements
Static pressure taps were embedded in the model and the bottom of the subsonic wind tunnel test section
to generate pressure data. The taps were located along the centerline in the streamwise direction and two
rows in the spanwise direction at a streamwise location downstream of the model (Fig. 2.5). The taps were
connected to the pressure acquisition module, Netscanner Model 9016 by Esterline Pressure Systems, that
communicates with a computer through the pressure distribution system, Model 91FC, via Ethernet. Each
pressure transducer in the acquisition module can record a maximum of 1 psid, with an accuracy of ±0.005
psi. The pressures were measured relative to a four-port static pressure manifold located at the wind tunnel
entrance. The data acquisition was done by a LabVIEW program.
2.2.2 Particle Image Velocimetry
Two-dimensional PIV measurements were conducted to obtain quantitative planar velocity field data. Figure
2.6 shows a picture of the PIV setup. A Concept Engineering Ltd. Smoke Systems ViCount 1300 Aerosol
System that produces smoke oil particles about 0.20-0.25 microns in diameter was used for seeding. A
Q-switched dual-head New Wave Nd:YAG laser with 532 nm wavelength, approximately 90 mJ laser light
output was used to illuminate the particles. Optical lens systems were used to shape the laser beam into
a light sheet approximately 0.1 mm thick. The time interval between the two laser pulses per image pair
was set at 25 µs to yield a reasonable particle image displacement for the given camera magnification. A
PCO.1600 charge-coupled device (CCD) camera manufactured by Cooke Corporation was used with an
image size of 1600× 1200 pixels. The software DaVis developed by LaVision was used to process the image
pairs to yield the velocity field vectors. Using the approach outlined in [178], the maximum uncertainty in
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the u-velocity was estimated to be under 1% of the freestream value.
2.2.3 Surface Oil Flow Visualization
Surface oil flow visualization was performed using titanium dioxide in baby oil as the visualizing medium. In
this technique, the direction of the oil flow depends on the pressure gradient and the wall shear stress [179].
Near regions of separation, the oil flow observes a high adverse pressure gradient and slows down. This
leads to accumulation of the oil near a point of separation. A similar effect is also observed near the point
of reattachment. This accumulation leads to a slight modification of the apparent surface profile and hence
does affect the location of the separation point. This is an important point to note when surface oil flow
visualization is used to locate the precise point of separation or reattachment. The oil is mixed with a
pigment that contrasts with the color of the background. For this study, the models were painted black, and
hence titanium dioxide, a white powder pigment was used. The resulting pattern when the flow is initiated
depends on the concentration of the mixture and the method of application. By leaving the powder slightly
unmixed, streaks were observed, formed by the wakes in the local direction of the flow behind coagulations
of pigment particles. The uncertainty in measuring the location of the reattachment points from the flow
visualization images is estimated to be 0.12 mm.
2.2.4 Helium Tufts
Pressure-sensitive paint (PSP) is a quantitative method used to map the static pressure on a surface. The
technique was used here in conjunction with helium tufting to locate flow reversal and not to obtain quanti-
tative information about the surface static pressure distribution. Helium was forced through static taps into
the flow at a marginally higher pressure than the local value to form a weak jet. This affected the quenching
process of the PSP and created streaks in the path of the jet. The jet, being fairy weak, aligned itself with
the local flow direction and thus the streaks revealed the main flow directionality at the jet exit points. The
benefit of this technique is the lower level of intrusion into the actual flow as compared to the surface oil
flow visualization technique, particularly in flows with recirculation regions where the oil used in the latter
technique accumulates.
2.3 Results
A flow speed of 30.5 m/s (100 fps) was used as the main flow condition for most of the testing in the
subsonic wind tunnel described in section 2.1.2. Due to the difference in the chord lengths of the three
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models, although the same freestream speed was used for all experiments, the chord Reynolds number
corresponding to Model 0 was Rec = 4.04×105, and for Models 1 and 2 was Rec = 3.55×105. The actuator
jets were operated at different flow rates from 0 cfm to 7 cfm, as measured by a vertical-scale flowmeter.
Extensive data were recorded at flow rates of 0, 2, 4 and 6 cfm (Cq = 0, 0.032, 0.065 and 0.097, respectively)
to compare the effects of actuation on the separation bubble size and the location of the reattachment line.
2.3.1 Pressure Measurements
Pressure data were obtained at discrete locations on the centerline in the streamwise direction through the
tunnel test section and on two rows in the spanwise direction at locations downstream of the model. The
pressure data obtained show the separation bubble and the effect of activating the actuator jets in reducing
the size of the bubble. The static pressure along the streamwise centerline was measured for the baseline
case with core flow but without actuators turned on, and for the actuated flow with PEDA jet flow rates
of 0 cfm (Cq = 0) to 7 cfm (Cq = 0.113). Figure 2.7 illustrates the streamwise pressure distribution on the
centerline for Model 0. The model is shown as solid blue, static tap locations are black circles and the red
cross marks the location of the actuators. The maximum uncertainty in the Cp meaurement was estimated
as 0.00625. The pressure trace shows that a strong adverse pressure gradient exists over the downstream
half of the model. As the actuators are turned on and the actuation flow rate is increased, the pressure curve
shifts towards the upstream direction hinting at the decrease in the size of the recirculation region. This
is further confirmed by the reduction/ elimination of the constant pressure region on the downstream side
of the model. This trend is in agreement with observed static pressure variations in previous flow control
experiments over the Glauert-Goldschmied wall-hump [162,163].
Similarly, the streamwise pressure distributions on the centerline at different actuation flow rates for Model
1 and 2 are plotted in Fig. 2.8 (left) and Fig. 2.8 (right) respectively. The model begins at x/c = −1 and
ends at x/c = 0, the actuator jet exit plane being located at x/c = −0.39. It can be noted that the size of
the recirculation region decreases monotonically with increasing actuation flow rate in Model 1 similar to
the trend observed with Model 0. But, in Model 2, the recirculation region increases in length as the flow
rate increases from the unactuated case to the case with an actuation flow rate of 2 cfm (Cq = 0.032). As
the actuation flow rate is further increased, the presssure curve again shifts strongly towards the upstream
direction, hinting at an overall reduction in the length of the recirculation region as we go from an unactuated
state to an actuated state with the maximum tested flow rate of 6 cfm (Cq = 0.097).
Figure 2.9 (left) compares the performance of the actuators mounted on the three models using plots of
the streamwise static pressure distributions on the tunnel bottom wall centerline. Two curves each have been
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plotted for Models 0, 1 and 2, one curve for the unactuated case and another for the maximum actuation
flow rate (6 cfm, Cq = 0.097) case. It can be observed from the plot that the static pressure curve for
Model 1 and Model 2 undergoes a larger shift from the unactuated case to the actuated case as compared
to a similar shift in the curve for Model 0. This implies that the optimized location of the actuators has
a stronger effect on the baseline separated flow (as further validated by the 2-D PIV results), than for the
unoptimized Model 0.
Figure 2.9 (right) plots the spanwise static pressure distribution on the tunnel bottom wall for different
actuation cases, for flow over Model 0. There are nine static taps located at x/c = 0.14 downstream of the
end of the model, with a spacing of y/c = 0.031 between two taps for the inner five taps, and a spacing
of y/c = 0.061 for the rest. It can be observed that the variation in the spanwise static pressure increases
substantially as the actuators are enabled. This hints at an increasing three dimensionality in the flow with
introduction of the steady jet and streamwise vortices.
2.3.2 Particle Image Velocimetry
Two-component PIV data were obtained for the three Glauert-Goldschmied models at actuator jet flow rates
of 0, 2, 4 and 6 cfm (Cq = 0, 0.032, 0.065 and 0.097, respectively). The laser sheet was aligned along the
spanwise centerline of the model with the field of view starting at the location of the actuators and ending
a few chord lengths downstream. In model 0, the sheet passed through the centerline of a single actuator,
whereas in models 1 and 2 the sheet is aligned equidistant between two actuators. An ensemble average of
340 image pairs was used to generate the mean velocities. The resultant flow-field streamlines and velocity
magnitude color contours for Models 0, 1 and 2 are presented in Figs. 2.10, 2.11 and 2.12, respectively. Each
figure has four subfigures, one each for the no actuation case and the cases with three different actuation
flow rates. For illustrative reference, the profile of the Glauert-Goldschmied model is drawn on the bottom
left of each contour plot as a blanked-out black shape. The streamlines clearly show the recirculation region,
and a qualitative trend towards a decreasing separation bubble size with stronger actuation.
A closer look at the vector field gives an estimate of the locations of the separation point and the reat-
tachment point along the centerline. For the purpose of analyzing these data, the separation point is defined
as the streamwise location at which the velocity vector ceases to be parallel with the wall of the Glauert-
Goldschmied model. Similarly, for the purpose of analyzing these data, the reattachment point is defined
as the point at which the streamwise component of the velocity changes direction from pointing upstream
to pointing downstream. The streamwise distance between these two points is defined as the length of the
recirculation region. The “thickness” of the recirculation region can be estimated by identifying the sepa-
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ration streamline. The length of the recirculation region versus the actuation flow rate for all three models
(0, 1 and 2) is plotted in Fig. 2.13. It can be observed from this figure that the length of the recirculation
region decreases with increasing actuation flow rate for Model 0 and Model 1. In Model 2, the recirculation
region length first increases as we go from the unactuated case to the actuated case with a flow rate of
2 cfm (Cq = 0.032). Further increase in the actuation flow rate reduces the recirculation region length.
Further, it can be observed that the gains in reducing the length of the recirculation region with increasing
flow rate from the baseline unactuated flow is stronger for Model 1 than for Model 0. For the flow over
Model 0, the maximum actuated flow rate of 6 cfm (Cq = 0.097) reduces the recirculation region length by
45.8% as compared to the unactuated case. For the same flow rate, Model 1 gives a 47.4% reduction in the
recirculation region length as compared to the unactuated case. This hints that the optimized location of the
actuators yields better results for comparable actuation rates. The maximum reduction in the recirculation
region length is observed in the flow over Model 2, which shows a reduction of 60.3% as compared to the
unactuated case. These observations are in complete agreement with the conclusions drawn from the wall
static pressure plots as described in section 2.3.1. It can also be observed from the figures that the thickness
of the recirculation region decreases as the actuation flow rate increases.
Figure 2.14 (left) shows the line plots of the u-velocity component at four different streamwise locations
at distances x/c = 0.1, 0.2, 0.3 and 0.4 downstream of the end of the model for the no actuation case over
Model 0. It can be observed from the negative u-velocities closer to the bottom wall that the streamwise
locations x/c = 0.1 and 0.2 lie inside the recirculation region. Figure 2.14 (right) shows the line plots of
the u-velocity component at four different actuation rates (Cq = 0, 0.032, 0.065 and 0.097) at the location
x/c = 0.2 downstream of the end of the model. It can be observed from this plot that as the actuation rate
increases, the velocity profile closer to the bottom wall becomes increasingly fuller. The location lies inside
the recirculation region for the unactuated case (Cq = 0) as shown by the negative u-velocity component
closer to the wall, but for all the higher actuation cases (Cq = 0.065 and 0.095), the reattachment point has
moved upstream of the location as shown by the positive u-velocity component closer to the wall.
A comparison of the reattachment location as observed from the PIV data and from the surface oil flow
visualization will be presented later.
2.3.3 Surface Oil Flow Visualization
Surface oil flow visualization highlighted the remarkable effect that activating the actuators had on the flow
patterns downstream of the separation point. Figure 2.15 illustrates the effect of actuation on Model 0, with
an image comparison between the unactuated case and the maximum actuation (Cq = 0.097) case. The
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model is oriented as upstream pointing up and downstream pointing down. The actuator exit plane lies just
out of bounds of the image on the upstream end. The approximate profile of the model is shown in orange at
the left end of the image, with the diffusing corner at the very top. Static pressure taps are seen in a column
along the streamwise centerline as well as in a spanwise row approximately at the bottom one-third of the
figures. Note that the wakes generated by the static pressure taps and by the larger coagulated titanium
dioxide particles indicate the local flow directionality. The spanwise reattachment line can be located by
noting the direction of the surface streaklines in its vicinity, with the streaklines just inside the separation
bubble moving upstream whereas the streaklines just out of it moving downstream. The reattachment line
was observed to move upstream as the actuators were turned on, and the length of the separation bubble
decreased with the increasing strength of the jets. In Fig. 2.15 the separation and reattachment points along
the centerline for the two actuation conditions are denoted by arrows. The separation bubble length along
the centerline was thus calculated for all actuation cases.
Figure 2.16 shows the comparison between the separation bubble length as extracted from the PIV mea-
surements and the surface oil flow visualization for Model 0. It must be noted here that the disagreement in
locating the reattachment point between the two techniques is expected. The PIV vectors do not give any
information about the flow exactly on the surface, but rather a small distance off it owing to constraints
with laser light reflection from the bottom surface and the camera angles. The surface oil flow visualization
method is a more invasive technique due to the presence of the oil on the surface, thereby slightly altering
the flow field it attempts to visualize. However, both techniques agree upon the trend that the actuation has
in terms of reducing the separation bubble length. The flow visualization also highlights the transition of the
flow from a predominantly two-dimensional structure, with increasing flow rate to one with strong three di-
mensionality. As the actuation flow rate is increased, trapped vortex pairs can be observed just downstream
of the actuators (Fig. 2.15), particularly in the case of Model 2 with its vortex-generator structures.
2.3.4 Helium Tufting
The pressure-sensitive paint with helium tufting technique displayed a discrete estimate of the separation
bubble length for the flow over Model 0. The static tap locations through which the helium jets were
blown into the flow were chosen in the expected recirculation region. The helium jets that lay inside the
recirculation region blew upstream, and the jets that lay outside it blew downstream as shown by the
streaks in the PSP image (Fig. 2.17). The reattachment line is located between two adjacent helium jets
blowing in different streamwise directions. Reduction in the size of the separation bubble was observed as
the actuators were turned on, consonant with the PIV measurements and surface oil flow visualizations.
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Although the reattachment line could be observed to move upstream, the distribution of static taps through
which helium was forced was too sparse to precisely locate it with this method. Nevertheless, this technique
was implemented to independently confirm the effect of actuation on the separation using a technique that
was less invasive into the flow than surface oil flow visualization.
2.4 Summary
The results and analysis conducted in this study add to the research already done on the Glauert-Goldschmied
separation model. A qualitative match with previous studies was observed in the baseline model 2-D PIV
contours and wall static pressure variations, as well as in terms of the effect that the actuators have on the
recirculation region. Both actuator systems (deployable and always-deployed) reduce the length and size
of the separation bubble when used. The maximum reduction in the separation bubble length (60.3% of
the unactuated length) was observed when the always-deployed PEDA system (Model 2) was used. The
effect of the vortex-generators alone, with no flow through the actuator, was illustrated by comparing the
results of diagnostics performed on Model 1 and Model 2. With the actuation jet turned off, Model 1 yields
the baseline separation, and Model 2 shows a 12.3% reduction in the length of the separation bubble as
compared to the baseline, due to the presence of the vortex-generators. Thus, this study demonstrates the
use of the hybrid flow control pneumatically enhanced/ deployed actuator system for separation control.
Further, this demonstration helped in the design and implementation of the actuators in the S-duct inlet
diffuser for performance enhancement. The Glauert-Goldschmied model itself has a diffuser-like region
downstream of the maximum thickness point. One of the defining features of the S-duct inlet studied here
is the increasing cross-sectional area in the streamwise direction, that classifies it as a diffuser. The flow
inside the S-duct encounters an adverse pressure gradient and undergoes separation. Both these features are
the primary features studied in the flow over the Glauert-Goldschmied geometry. Thus, favorable results
obtained in the testing of the PEDAs for the flow over the Glauert-Goldschmied wall-hump was the starting
point for the investigation of the effect of these actuators on flow through the S-duct. The basic concept,
the structure and the plumbing of the actuators themselves was largely retained, with modifications made
to embed them inside the S-duct. The next chapter describes this transition and the investigation in full
detail.
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2.5 Figures
Figure 2.1: CAD schematics (profile views) of the three Glauert-Goldschmied wall-hump models (with
PEDAs embedded) constructed.
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Figure 2.2: CAD schematics and photographs of the close-up views of the PEDA vortex-generators. a)
Cavity of the membrane-deployable variants (Model 0 and Model 1). b) Solid VG of the always-deployed
variant (Model 2). c,d) Vinyl tape with slit over the cavity for the membrane-deployable to create the VG
in its undeployed form (c) and deployed form (d).
Figure 2.3: CAD schematic of a three-quarter section view of Model 2, highlighting the internal plumbing.
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Figure 2.4: Photograph of the low-subsonic wind tunnel facility.
Figure 2.5: CAD schematic of the Glauert-Goldschmied wall-hump with the streamwise and spanwise
wall-static tap locations indicated (white dots). The profile of the model is shown at the bottom for
orientation.
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Figure 2.6: Photograph of the PIV setup.
Figure 2.7: Streamwise static pressure distribution on the tunnel bottom wall centerline plotted for
different actuation cases for the flow over Glauert-Goldschmied Model 0. The model is shown as solid blue,
static tap locations are black circles and the red cross marks the location of the actuators. The maximum
uncertainty in the Cp meaurement was estimated as 0.00625.
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Figure 2.8: Streamwise static pressure distribution on the tunnel bottom wall centerline plotted for
different actuation cases for flow from left to right over Model 1 (left) and Model 2 (right).
Figure 2.9: Left: Streamwise static pressure distributions on the tunnel bottom wall centerline for all three
models, for the unactuated case and the maximum actuation flow rate (6 cfm, Cq = 0.097) case. Right:
Spanwise static pressure distribution at a streamwise location x/c = 0.14 downstream of the end of the
model on the tunnel bottom wall, plotted for different actuation cases for flow over Model 0.
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Figure 2.10: Particle image velocimetry (PIV) results for Model 0 (deployable actuators): No actuation
(top left), 2 cfm (Cq = 0.032) (top right), 4 cfm (Cq = 0.065) (bottom left) and 6 cfm (Cq = 0.097)
(bottom right) jet actuation. For illustrative reference, the profile of the Glauert-Goldschmied model is
drawn on the bottom left of each contour plot as a blanked-out black shape.
Figure 2.11: Particle image velocimetry (PIV) results for Model 1 (deployable actuators): No actuation
(top left), 2 cfm (Cq = 0.032) (top right), 4 cfm (Cq = 0.065) (bottom left) and 6 cfm (Cq = 0.097)
(bottom right) jet actuation. For illustrative reference, the profile of the Glauert-Goldschmied model is
drawn on the bottom left of each contour plot as a blanked-out black shape.
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Figure 2.12: Particle image velocimetry (PIV) results for Model 2 (fixed actuators): No actuation (top
left), 2 cfm (Cq = 0.032) (top right), 4 cfm (Cq = 0.065) (bottom left) and 6 cfm (Cq = 0.097) (bottom
right) jet actuation. For illustrative reference, the profile of the Glauert-Goldschmied model is drawn on
the bottom left of each contour plot as a blanked-out black shape.
Figure 2.13: The length of the recirculation region in cm (left) and percentage of chord (right) plotted
against the actuation flow rate for the three models (Model 0 in green, Model 1 in blue and Model 2 in
red). The maximum uncertainty in measuring the recirculation region length is 1.5% of the chord length.
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Figure 2.14: U-velocity component line plots for flow over Model 0. Left: Four different locations at
distances x/c = 0.1, 0.2, 0.3 and 0.4 downstream of the end of the model for the no actuation case. Right:
Four different actuation rates (Cq = 0, 0.032, 0.065 and 0.097) at the location x/c = 0.2 downstream of the
end of the model.
Figure 2.15: Surface flow visualization images for flow over Model 0 with actuators turned off (left) and
actuators turned on at Cq = 0.097 (right).
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Figure 2.16: Separation bubble length vs. actuator flow rate for Model 0 using PIV (blue symbols) and
flow visualization (red symbols).
Figure 2.17: Pressure-sensitive paint with helium tufting without actuation (left) and with actuation
(right). Note the reversal in the direction of the He tufts upon actuation.
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Chapter 3
S-Duct Inlet Diffuser Hybrid Flow
Control
This chapter describes the study conducted to investigate the control authority of the hybrid pneumatically
enhanced/ deployed actuators (PEDAs) on flow through an S-duct inlet diffuser. The chapter starts with
a description of the S-duct facility that was designed and constructed at the Aerodynamics Research Lab-
oratory at the University of Illinois at Urbana-Champaign. The diagnostics and instrumentation devised
to interrogate the flow, including pitot-static and wall-static pressure measurements, and flow visualization,
are described. Due to the unique and complex shape of the S-duct, new customized PEDAs were designed
and constructed for embedding, and these design and plumbing details are documented. Further, the per-
formance metrics and distortion parameters for the S-duct diffuser flow are defined and the performance of
the PEDA variants based on these parameters is documented and analyzed. Finally, the chapter concludes
with a brief summary of this investigation.
3.1 S-Duct Facility Design and Operation
Since the flow through the S-duct diffuser is an internal flow, pre-existing wind tunnels with replaceable
test models could not be used for this investigation. This necessitated the design and construction of a
new facility for the purpose of this research. This section describes the facility from the design stage to the
operation stage. The sizing phase is described first, where the scale of the S-duct model, and the overall
facility size were determined based on the specifications of the blower chosen to drive it. Next, all components
of the facility are described, including the inlet bellmouth, the straight section, the S-duct test section, the
center-body, the diagnostic collar, the downstream diffusers, the pipe section, the blower, and the vertical
exit diffuser. Figure 3.1 shows a photograph of the facility. Figure 3.2 gives a CAD schematic of the whole
facility, with the individual components labeled. Finally, the operation procedure of the facility is described
in detail, to conclude the section.
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3.1.1 S-Duct Facility Sizing
At the outset, the primary requirements of the facility were identified as - high subsonic flow (approximate
inlet Mach number of 0.8) and continuous operation for extended periods of time. Due to the large internal
pressure loss suffered by the flow through the S-duct, the device driving this facility needs to overcome a
large static pressure drop (tens of inches of water). Further, for an S-duct with an inlet cross-sectional area
large enough for practical instrumentation and actuator embedding, the required flow-rate was estimated
at approximately 11, 000 acfm. Axial fans are used in many low-subsonic wind tunnel systems in a draw-
down configuration, while supersonic wind tunnels often use high pressure air from a tank farm in a blow-
down configuration. Axial fans provide a large flow-rate for extended periods of time, but their pressure
recovery is typically a few inches of water, and hence are unsuitable for this application. On the other hand,
compressed-air driven systems can achieve a high flow-rate and pressure recovery, but are severely limited
in the extent of run-time. Centrifugal blowers can operate at moderate to high flow-rates for extended
periods of time while recovering a large pressure drop. Figure 3.3 shows an illustrative comparison of the
operating regions of an axial fan versus a centrifugal blower. A centrifugal blower was available at the
Aerodynamics Research Laboratory and was chosen to be used. The blower is a Cincinnati Fan, model HP-
12G30 accompanied by a 125 hp Baldor, model M4412T-4 electric AC motor. The motor is controlled by
an Eaton AF5000+ Dynamatic variable frequency drive (VFD), with an RS-232 interface control terminal.
Using fan performance curves and estimates from its previous application [180], the operating flow-rate was
chosen as 11, 000 acfm to generate approximately Mach 0.8 at the inlet. This calculation assumes uniform
inlet velocity over the complete cross-sectional area and ignores viscous effects. The presence of the boundary
layer on all four walls of the inlet in the real flow leads to a reduction in the effective core flow area, and
hence the actual required flow-rate is slightly lower than the design for the same core flow Mach number.
The approximate region of operation is marked on the blower curve in Fig. 3.4, and this region lies in the
recommended optimum performance region where the fan operates in a surge-free and high efficiency mode.
Given the flow-rate and the inlet Mach number, the required inlet area was calculated as 30.63 sq. in. This
defined all other S-duct dimensions, as tabulated in Table 3.1. Detailed drawings of the duct are given in
Appendix C.
3.1.2 Facility Components
Having fixed the test model size based on the blower characteristics, the rest of the facility was designed
around it. This section briefly outlines the design and construction of each component of the wind tunnel
facility. The blower is stationed at the downstream end of the facility, thereby pulling air through the test
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Design parameter Value Design parameter Value
Scaling ratio 1 : 6.46 Length of S-duct 26.71 in.
Height of inlet 3.50 in. Width of inlet 8.75 in.
Outlet outer-body (inner) radius 3.48 in. Outlet center-body (outer) radius 1.05 in.
Inlet area 30.63 sq. in. Outlet area 34.69 sq. in.
Table 3.1: Dimensional details of the S-duct scale model designed and constructed for flow control
investigation.
section in a draw-down configuration. The facility comprises an inlet bellmouth, a straight section, an S-duct
test section, a center-body, a diagnostic collar, downstream diffusers, a pipe section, a blower, and a vertical
exit diffuser. Brief descriptions of the components are given in the following sections.
3.1.2.1 Bellmouth
A bellmouth is required to accelerate the flow from ambient to high subsonic at the test-section inlet.
An elliptical bellmouth was designed in accordance with ASME bellmouth/nozzle design standards. The
hydraulic diameter (DH=4Area/Perimeter) of the test section inlet was calculated to be 5 in. The major
and minor axes of the ellipse were defined as BMmaj=DH=5 in. and BMmin = (2/3)DH=3.333 in. The outer
lip of the bellmouth is a 90◦ arc of radius BMr=DH/5=1 in. Ribs and streamers were added on the outer
surface of the bellmouth for structural reinforcement. The bellmouth was fabricated at the Ford Lab in
the Department of Mechanical Science and Engineering using the 3-D Systems Viper Si Stereolithography
Apparatus (SLA) with the WaterClear Ultra 10122 resin.
3.1.2.2 Straight Section
A straight section slightly longer than twice the hydraulic diameter in length was designed to allow the flow
to develop before it enters the inlet of the S-duct. This section, 12 in. long, was machined from 3/8 in. thick
plexiglass sheets using conventional machining. This allows optical access for potential diagnostics upstream
of the S-duct.
3.1.2.3 S-Duct Test Section
The S-duct geometry was provided in a digitized surface format by Rolls-Royce. The S-duct test section
model is a 1 : 6.46 scaled model of that geometry. The CAD model was designed by adding a 0.25” wall
thickness on the outside of the digitized surfaces. Figure 3.5 shows CAD schematics of the S-duct. Due to
the limitations on the size of a part that can be fabricated in the SLA build volume, the test section was
divided into three parts. The upstream S-duct part incorporated the rectangular inlet and the transition to
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the first bend. The middle S-duct part incorporated the first and the second bends and the transition to
mostly-rectangular to mostly-circular area of cross-section. The downstream S-duct part effected the final
cross-sectional area transition from mostly-circular to circular. All three parts were fabricated by the SLA
machine using the WaterClear Ultra 10122 resin. Flanges and locating tabs were designed into each piece
to facilitate their joining together using silicone adhesive and bolts to form the complete S-duct test section.
A static tap each was embedded on the top, bottom, and side-walls of the upstream inlet plane and the
downstream exit plane of the S-duct test section (Fig. 3.5a). Further, 12 static taps were embedded in the
bottom-wall over the complete length of the S-duct along the streamwise centerline (Figs. 3.5b, 3.6). One
row of five spanwise static taps was embedded at a streamwise location between the two opposite bends,
downstream of the separation and upstream of the reattachment in the baseline S-duct.
Optical access to the bottom-wall of the S-duct was created by embedding an acrylic window in the top-
wall of the middle section of the S-duct (Fig. 3.5a).The window is circular with a diameter of 5 in. The
shape was chosen for stress relief, structural strength and for ease of machining into the duct.
The flow features that dominate the total pressure recovery are the twin counter-rotating vortices and the
massive separation on the bottom-wall. Both of these features evolve at or near the first bend. Establishing
control of these features was essential to improving the performance of the S-duct. Hence, the actuators
were located at the first bend. Two streamwise locations were chosen in the S-duct to embed the actuators
– one downstream and one upstream of the first bend. Figure 3.7 shows a CAD schematic of the S-duct,
with the two actuator locations marked. The flange connecting the first two pieces of the S-duct lies at the
first bend, and factoring this constraint, the two locations effectively were upstream and downstream of the
said flange. Cut-outs were machined into the S-duct model in-situ using jigs for positioning. The details of
the actuator will be discussed later.
3.1.2.4 Diagnostic Collar
The Aerodynamic Interface Plane (AIP) is the plane of primary measurement interest in this facility, in
which the engine compressor fan blades lie. This plane coincides with the S-duct exit plane. A 9 in.
long diagnostic section was designed to house the instruments which would perform measurements at the
AIP. Figure 3.8 shows a schematic of the instrumentation assembly and the diagnostic collar. This section
comprised a stationary cylinder, matching the diameter of the S-duct exit plane, with a rotation collar
cylinder on its outer surface. Two axially-offset slits circumferentially spanning about 200◦ each were cut
into the inner cylinder for azimuthal movement of two pitot-static probes mounted on linear traverses on the
outer collar. A large ring gear (KSSR 2.5-120) is mounted onto the outer collar cylinder. This gear meshes
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with a smaller spur gear (KSMGB 2.5-24) mounted on the shaft of a stepper motor (Anaheim Automation
model 34YSG207S, with an internal gear ratio of 4.985 : 1, standard step size of 1.8◦ and a maximum torque
of 3500 oz-in). Accompanied by an Anaheim Automation, model DPY50601 programmable controller, the
step size of the motor could be further reduced to microsteps, with a resolution of 0.028◦ per step, if required.
This motor itself is housed on a flange insert sandwiched between the diagnostic collar and the downstream
diffuser. The Anaheim motor that rotates the diagnostic collar is controlled by a computer using the software
LabVIEW through the DPY50601 controller. Also mounted on the collar is a US Digital A2T rotary encoder
with a resolution of 0.1◦. This allows a feedback control-based precise rotation of the collar. The slits cut in
the inner cylinder span about 200◦. With the pitot-probes inserted, any rotation of the outer collar beyond
this range would break the probes. Hence, a limit switch was mounted on the motor flange that would
turn the motor off if it tries to rotate beyond the design range, thereby protecting the probes. The linear
traverses used to mount the pitot-satic probes are Zaber TLSR150B with a minimum step resolution of 0.5
mm. Physical limit blocks were placed at the maximum required travel range of the probe, thus preventing
the probes from damaging themselves or the model due to potential excess-travel.
3.1.2.5 Downstream Diffusers
The diameter of the S-duct exit plane is 6.965 in., while the diameter of the blower is 14.1 in. To match the
diameters and to ensure the flow slows down from high subsonic at the S-duct exit plane to low subsonic
at the blower inlet, a two-section conical diffuser, 58.5 in. long, with a 3.5◦ half angle was designed and
fabricated using sheet metal. The two-section diffuser was followed by a straight pipe 36.25 in. long. An
approximately 2 in. gap was maintained between this straight pipe and the blower downstream of it, to
decouple the facility from the mechanical vibrations of the blower. This gap was sealed by a rubber sheet
wrapped around the circumference on the outside. Tension cables were used on this rubber sheet to create
an effective pneumatic seal to prevent leakage. Downstream of the blower the flow passes through a vertical
diffuser, 49.5 in. long with a 3.5◦ half angle, that exits to the ambient.
3.1.2.6 Center-Body
The S-duct geometry provided by Rolls-Royce has a conical center-body located at the very downstream
end of the S-duct, with the base plane of the cone co-incident with the AIP (Fig. 3.9). This center-body
simulates the engine spinner. In the model, the base of this cone was extruded further downstream to attach
it to supporting struts (Fig. 3.10). The two streamwise locations of the struts were chosen to affect the
flow minimally. Aerodynamic fairings were built around each strut modeled after the NACA 0012 airfoil
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geometry. The upstream support strut was designed to be a single piece flange insert that supports the
center-body while it is sandwiched between the diagnostic collar and the diffuser. The downstream support
struts are mounted in the diffuser using threaded rods. Downstream of this station, the center-body tapers
down via a 3.5◦ half angle cone. All the pieces of the center-body were machined from aluminum rods and
sheets and the fairings for the struts were fabricated using SLA.
3.1.2.7 Pressure Drop Mechanism
It was observed in the initial shakedown runs that the pressure drop through the wind tunnel was too low
and led to the blower motor operating with low efficiency. This in turn led to the current reaching the Full
Load Amperage (FLA) limit of 138 A at about 2000 RPM, approximately half of the maximum rated RPM
of the fan (4000 RPM). The facility was unable to drive a high subsonic flow at that low an RPM. Additional
pressure drop at a lower flow-rate was necessary to allow the motor to reach full RPM. A blockage at one
of the streamwise locations can provide for both pressure drop and restricted flow-rate. Hence, a perforated
plate was installed between the two flanges of the two-section downstream diffuser. A study of the effect
of blockage on the blower performance was conducted. By varying the extent of blockage in the perforated
plate from 52% to more than 78%, it was concluded that for a blockage lower than 76%, the motor current
would reach FLA before reaching full RPM and for a blockage larger than or equal to 76%, the motor would
successfully reach full RPM with the current staying below FLA. By measuring the static pressure upstream
of the blower inlet, the system resistance or the load on the blower in terms of the required pressure recovery
(to ambient) was estimated. Figures 3.11 and 3.12 show this load and the current drawn, respectively, versus
the fan RPM for various blockages. Although full RPM could be achieved by choosing a fixed adequately
large blockage, the restricted flow-rate prohibited the facility from reaching the design inlet Mach number.
This issue was resolved by implementing a variable pressure drop mechanism in tandem with the fixed
pressure drop perforated plate. The perforated plate was set at a permanent blockage of 52%. A pneumatic
piston and motor-driven gate mechanism was constructed to block the flow as it entered the bellmouth (Fig.
3.13a) and add more pressure drop. The gate comprised a flat plate with approximately 20% opening, and
a foam buffer that enveloped the bellmouth on three sides (except the top) and maintained the separation
between the bellmouth and the plate. The operation of the variable pressure drop mechanism is described
in the following section.
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3.1.3 S-Duct Facility Operation
The facility was controlled through a computer with a LABVIEW VI (Fig. 3.14). The VI also includes the
data acquisition controls, and line-plots of pressure data for real-time data monitoring. A complete list of the
operating procedure is given in Appendix D. This section gives a brief outline of the important phases of the
operating procedure. The VI controls the VFD of the blower, to change the fan RPM. The gate mechanism
is controlled via manual switches (that control the sliding and rotating mechanism). Figure 3.4 explains the
startup procedure by using the blower curves. Before the fan is activated, the gate mechanism is moved in
the blocking position to restrict the flow-rate. With the gate in the blocking position at tunnel startup, the
combined blockage is enough to allow the fan to ramp up to full RPM, as designated by the “start” phase in
Fig. 3.4. Upon reaching full RPM, the gate is first slid down along its metal frame (Fig. 3.13b) to decrease
the blockage and increase the flow-rate designated by the “unload” phase in Fig. 3.4. The metal frame is
then rotated down by activating the pneumatic piston to move the gate mechanism completely out of the
way (Fig. 3.13c). By lowering the blockage at the fixed high RPM, the operating point slides toward the
right on the specific RPM curve toward higher flow-rate, and thus reaches the design inlet Mach number.
Further trimming of the inlet Mach number is achieved by changing the RPM as designated by the “trim”
phase in Fig. 3.4. Figure 3.15 shows sample data (current drawn by the blower motor and motor RPM)
during startup to illustrate the phases. In the start phase (approximate data point range 1-580), the gate
mechanism is in the blocking position as the RPM ramps up from 0 to 3500. For each RPM change request,
a short spike in current is observed. The steady current peaks at about 130 A at 2450 RPM, and drops down
to about 92 A as the motor speed further increases to 3500 RPM. The inlet Mach number is approximately
0.5. During the unload phase (approximate data point range 581-980), as the gate mechanism is slid and
rotated out of the way, the current slowly rises with the increasing flow-rate, to about 132 A to yield an inlet
Mach number of approximately 0.75. In the trim phase (approximate data point 981 and beyond), the RPM
is adjusted to 3575 to attain a Mach number of 0.77 at the inlet. The blockage is designed to ensure that the
current stays within the full load amperage limit throughout the tunnel startup procedure. A Mach number
of 0.82 at the inlet was achieved by increasing the RPM to 3900, but the current drawn exceeded the full
load limit. Although it was less than the service factor, it was decided to make the inlet Mach number 0.77
as the primary flow condition for investigation. Feedback control was established for the blower to maintain
the inlet Mach number within ±1% of the desired value. The details of the reason behind requiring this
control are given later in Section 3.5.1. The data acquisition process itself is completely automated, with
the VI communicating with all diagnostic devices and orchestrating the movements and functions. Further
details of the facility diagnostics are given in the next section.
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3.2 S-Duct Facility Diagnostics
The ambient conditions, temperature and pressure, were measured by an Omega, T-type thermocouple and a
Setra 270 pressure transducer, respectively. The primary flow features of interest are the twin vortices down-
stream of the first bend and the flow separation on the bottom-wall between the two bends. Instrumentation
was devised to investigate these features and their effect on the AIP.
3.2.1 Pitot-static AIP measurements
Steady-state total and static pressure measurements are performed at the AIP. The diagnostic collar mounts
two pitot-static probes 180◦ apart. For a fixed radial location of the probes, a 180◦ rotation of the collar would
yield a combined travel of 360◦ by the probes at the radial location. The pitot-static probes are custom-made
for the S-duct facility by United Sensor Corp with series numbers USNH-A-537, 1.75 CUST and USNH-A-
537, 2.75 CUST (Appendix C). The AIP itself is an annulus with an inner diameter of 2.09 in. and an outer
diameter of 6.966 in., due to the presence of the center-body. The ARP 1420 standard [73] recommends
measuring the total pressure at 40 distinct locations (eight angular × five radial) at the AIP such that the
AIP is divided into 40 equal-area sections and each location forms the centroid of the corresponding section.
These total pressure data combined with wall static measurements at the AIP yield the raw data to compute
the distortion parameters. With an aim to conform to the ARP 1420 standard [73] recommendations while
achieving a higher resolution and improved measurements at the AIP, the following improvements were
implemented.
i. Higher angular resolution: 36 angular locations spaced at 10◦ apart were chosen instead of eight over
the 360◦ annulus for measurement (Fig. 3.16).
ii. More radial locations: Five radial locations per azimuth were calculated to represent the equal area
sections. Further, measurement of the boundary layers on the inner wall of the outer-body and the
wall of the center-body was attempted by adding three equidistant radial locations near each wall to
the probe movement. This led to a total of 11 unique radial measurements per azimuth.
iii. Pitot-static measurements: At each location, both total and static pressure were measured to give a
more accurate calculation of the local Mach number.
iv. Diagnostic interference: The use of movable pitot static probes instead of a fixed rake minimized the
diagnostic interference to the flow.
56
The pressures from the two pitot-static tubes were measured by four pressure transducers with a ±15 psig
range from a Pressure Systems, Inc. Model 9116 module, with a measurement accuracy of 0.05% of full
scale.
3.2.2 Static Pressure Measurement
The streamwise taps give an indication of the effect of actuation on the separated region. The spanwise taps
highlight the three-dimensionality of the flow. These data yield information inside the separation bubble
and on the three-dimensionality of the flow. The pressures from the static taps were fed into 16 pressure
transducers on a Pressure Systems, Inc. Model 9016 module. Each transducer has a range of ±5 psig and a
measurement accuracy of 0.05% of full scale.
3.2.3 Surface Oil Flow Visualization
Surface oil flow visualization was performed with titanium dioxide suspended in 5W-30 motor oil. Mightex
cameras CCE-B013-U and BCE-050-U were installed with Nikon Nikkor 28mm f/2.8D and 50mm f/1.8D
lenses to record two views of the bottom-wall. The cameras generated static images at a frame rate of four
to seven frames per second. The sizes of the upstream-view and downstream-view images are 1392 pixels X
1040 pixels and 1280 pixels X 1024 pixels, corresponding to resolutions of 219 pixels per inch and 269 pixels
per inch, respectively. The two cameras together were able to capture the flow separation as well as the
reattachment on the bottom-wall for the no-control as with-control cases. Figure 3.17 shows a schematic of
the setup used for the flow visualization image acquisition, illustrating the extent of the two views of the
S-duct bottom-wall as imaged by the cameras.
3.3 S-Duct Pneumatically Enhanced/ Deployed Actuators
The actuators were designed similar to the PEDAs used in the Glauert-Goldschmied wall-hump model
study (Chapter 2). A total of eight different actuator variants were designed and fabricated using the
stereolithography rapid-prototyping process. Figure 3.18 shows CAD schematics and Fig. 3.19 shows a
photograph of all variants. Figure 3.20 shows CAD schematic close-up views of the types of VGs for different
variants.
The following list gives details about the actuators:
i. Downstream membrane-deployable streamwise-ejection actuator: This actuator (Fig. 3.18a) comprises
seven deployable sub-actuators that point in the downstream direction. Adhesive backed aluminum
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tape is pasted over the sub-actuator outlet cutouts and slits are cut in the tape for the jets to exhaust.
As the jets exhaust, they deflect the surrounding tape upward creating a vortex-generator structure.
The sub-actuators are spaced an inch apart in the spanwise direction.
ii. Downstream always-deployed streamwise-ejection actuator: This actuator (Fig. 3.18b) comprises seven
sub-actuators that point in the downstream direction. Each sub-actuator is a solid inverted ramp
vortex-generator structure with an outlet at its base for the jet to exhaust. The sub-actuators are
spaced an inch apart in the spanwise direction.
iii. Downstream always-deployed double streamwise-ejection actuator: This actuator (Fig. 3.18c) is identi-
cal to the downstream always-deployed streamwise-ejection actuator except there are 13 sub-actuators
spaced 0.5 in. apart in the spanwise direction.
iv. Upstream membrane-deployable streamwise-ejection actuator: This actuator (Fig. 3.18d) is identical
in mechanism and sub-actuator detail to the downstream membrane-deployable streamwise-ejection
actuator with the outer form modified to match the upstream location. Also, the channels connecting
the plenum to the actuator outlets are smaller in length and have a larger cross-section area than the
channels embedded in the downstream version.
v. Upstream always-deployed streamwise-ejection actuator: This actuator (Fig. 3.18e) is identical to the
downstream always-deployed streamwise-ejection actuator except for the same form factor modifica-
tions and channel length and area of cross-section difference mentioned in the previous item.
vi. Upstream membrane-deployable skewed-ejection actuator: This actuator (Fig. 3.18f) has ten sub-
actuators divided into two groups of five each. Each group points away from the spanwise centerline
and toward the corresponding side-wall of the duct. The aluminum tape mechanism used in the
membrane-deployable versions described previously is employed, with the slits in the tape angled
accordingly.
vii. Upstream always-deployed skewed-ejection actuator: This actuator (Fig. 3.18g) is identical to the
upstream membrane-deployed skewed-ejection actuator in the positions and exhaust directions of the
sub-actuators, except the vortex-generators are solid and not deployable.
viii. Upstream robust-deployable skewed-ejection actuator: (Fig. 3.18h) This actuator is similar to the
upstream always-deployed skewed-ejection actuator, but the solid vortex-generator structures are not
permanently attached to the rest of the actuator, and are effectively hinged at the upstream end. For
each VG in the array, a cavity is created to accommodate the VG in its undeployed form to achieve
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the baseline structure of the S-duct. When the plenum is pressurized, the VG pops-up to allow the
ejection of the jet. This variant allows for minimal intrusion into the flow when the flow control jets
are inactive, but creates a well defined VG shape when the jets are activated.
The cut-outs for the downstream as well as the upstream actuators had a span of 6.8 in. and a streamwise
length of 1 in. All upstream actuators had the same external form factor, with an 8.4 in. span, 2.37 in.
streamwise length, and a height of 1.75 in. All downstream actuators had the same external form factor,
with an 8.8 in. span, 2 in. streamwise length, and a height of 2.12 in.
Table 3.6 summarizes the details of each actuator.
# PEDA type Location
w.r.t. first
bend
Spanwise
spacing
No. of
sub-
actuators
Wall-jet
direction
VG type
1 Downstream
membrane-deployable
streamwise-ejection
Downstream 1” 7 Streamwise Aluminum
tape-based
2 Downstream
always-deployed
streamwise-ejection
Downstream 1” 7 Streamwise Solid
3 Downstream
always-deployed double
streamwise-ejection
Downstream 0.5” 13 Streamwise Solid
4 Upstream
membrane-deployable
streamwise-ejection
Upstream 1” 7 Streamwise Aluminum
tape-based
5 Upstream
always-deployed
streamwise-ejection
Upstream 1” 7 Streamwise Solid
6 Upstream
membrane-deployable
skewed-ejection
Upstream 0.6” 10 Skewed Aluminum
tape-based
7 Upstream
always-deployed
skewed-ejection
Upstream 0.6” 10 Skewed Solid
8 Upstream
robust-deployable
skewed-ejection
Upstream 0.6” 10 Skewed Solid
deployable
Table 3.2: Details of pneumatically enhanced/ deployed actuator types.
Figure 3.21 gives CAD schematic section views of the upstream always-deployed streamwise-ejection ac-
tuator. This specific actuator variant design is chosen as a representative of all the PEDAs. The plumbing
details for the other variants are similar to the one discussed, with the specific variations outlined in Table
3.6 above. As illustrated in the image, each actuator has an internal plenum and four 1/4 in. NPT ports
connecting the plenum to the pneumatic source. The plenum connects with the sub-actuator array through
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small channels that exit at the base of the VGs. The jet actuators are operated using air from high pressure
compressed-air tanks, with a maximum (operated) air pressure of 1600 psi. The output of the tanks is con-
trolled by a TESCOM 44-1313-2122 pressure-reducing regulator valve. The output of the regulator connects
to a 3/4 in. NPS rubber hose about 150 ft in length. The hose couples with a shorter 1/2 in. NPS hose that
enters a one-inlet/ four-outlet manifold (Fig. 3.22). The manifold distributes the air to four 1/4 in. NPS
tubes which are connected to the four air-inlet shafts of the actuator through push-to-connect tube fittings.
An orifice plate flow-meter is installed in-line with the plumbing system. The orifice plate assembly com-
prised a 3/4 in. NPS straight inlet pipe of 18 in. length, an orifice flange with corner taps, the orifice
plate, and a 3/4′′ NPS straight outlet pipe of 6 in. length. The length of the inlet and outlet pipe was
determined using orifice plate installation recommendations. Figures 3.23 and 3.24 show a photograph and
the schematic, respectively, of the orifice plate flow-meter assembly. An Omega TC-J-NPT-G-72 thermo-
couple was used to monitor the temperature at the upstream end of the inlet pipe. The line pressures at
the upstream end of the inlet pipe and the inlet of the manifold were monitored by two ±100 psig pressure
transducers from the PSI 9116 module. The differential pressure across the orifice plate was measured by
the differential pressure transducer Omega MMDDU005V10P1D0T1A3 with a range of 0 psid to 5 psid.
These measurements were used to calculate the flow-rate through the actuators. Further details about the
orifice plate flow-meter assembly and its calculations can be found in Appendix C.
Figure 3.25 shows a flowchart of the S-duct facility and PEDA control and the data acquisition setup.
3.4 AIP Distortion Descriptors and S-Duct Performance
Indicators
The standard SAE ARP 1420 [73] provides guidelines to evaluate the the aerodynamic stability and per-
formance of gas turbine engines with respect to the quality of the airflow delivered to the engine by the
inlet. It describes the distortion descriptors that represent the performance of the inlet and also prescribes
testing, instrumentation, data acquisition and data processing methodologies. Also, the standard SAE AIR
1419 [72] further details the engineering practices regarding the total pressure distortion measured at the
Aerodynamic Interface Plane (AIP). This section describes the different distortion descriptors chosen for
analysis in this study as taken from the ARP 1420B and AIR 1419A standards.
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3.4.1 Circumferential Distortion Elements
The AIP is divided into a number of rings (typically five as described earlier in Section 3.2.1), and the
distortion elements defined below are computed on each ring:
• Intensity: This is a numerical indication of the magnitude of the pressure distortion.
• Extent: The extent is a numerical indication of the circumferential size of the low-pressure region.
• Multiple-per-revolution: Multiple-per-revolution (MPR) indicates the equivalent number of circumfer-
ential low-pressure regions.
The mathematical definition of these metrics depends upon the total pressure distribution over a given
ring. The measured total pressure at multiple angular locations on a ring are linearly interpolated to generate
a continuous function P(θ) where θ is the angle (θ = 0 at the top of the AIP, increasing in the clock-wise
direction when facing the AIP from the upstream end). Based on the number of distinct continuous regions
of pressure deficit, the pattern is divided into two groups as explained below.
i. One-per-rev patterns: Figure 3.26 shows an illustration of the pressure distribution on a circumferential
ring of the AIP with a one-per-rev distortion pattern. With reference to the figure, the parameters for
the ith ring are defined as:
Extent θ−i = θ2i − θ1i (3.1)
Intensity
(
∆PC
P
)
i
=
(
PAVi − PAVLOWi
PAVi
)
(3.2)
MPR = 1 (3.3)
where
PAVi =
1
360
∫ 360
0
P (θ)i dθ (Ring average pressure)
PAVLOWi =
1
θ−i
∫ θ2i
θ1i
P (θ)i dθ (Ring average low-pressure)
ii. Multiple-per-rev patterns: Figure 3.27 illustrates a multiple-per-rev distortion pattern where more
than one distinct region of continuous low-pressure exists. As shown in that figure, local extents can
be defined for the kth low and high-pressure regions (θ−ik and θ
+
ik, respectively).
• If the pattern has low-pressure regions that are separated circumferentially by a high-pressure
region with a local extent (θ+ik) less than a specified minimum (θ
+
min), then the pattern is con-
sidered as an equivalent one-per-revolution low-pressure region pattern with an MPR of 1. A
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recommended value of 25◦ is used for θ+min. For such patterns, the elements are defined as:
Extent θ−i =
Q∑
k=1
θ−ik (3.4)
Intensity
(
∆PC
P
)
i
=
(
PAVi − PAVLOWi
PAVi
)
(3.5)
where
Q = number of low-pressure regions in the ring
PAVLOWi =
1
θ−i
Q∑
k=1
∫ θ2i
θ1i
P (θ)i dθ (Ring average low-pressure)
Hence,
(
∆PC
P
)
i
=
(
Q∑
k=1
(
∆PC
P
)
ik
θ−ik
)(
Q∑
k=1
θ−ik
)
(3.6)
• If the pattern has low pressure regions that are separated circumferentially by high-pressure
regions with local extents greater than θ+min, then the elements are defined as follows. Intensity
and extent are the values (∆PC/P)ik and θ
−
i , respectively, corresponding to the maximum value
of (∆PC/P)ik. The multiple-per-revolution gives the equivalent low-pressure regions, based on
the ratio of the total integrated area beneath PAVi to the largest single area beneath PAVi as
given by:
(MPR)i =
(
Q∑
i=1
(∆PC/P)ik θ
−
ik
)
/max
(
(∆PC/P)ik θ
−
ik
)
(3.7)
Along with extent, intensity and MPR, three more distortion indices are defined below:
DPCPi = (∆PC/P)i × (1/MPRi) (3.8)
DPCPmax = max((DPCPi + DPCPi+1)/2) for i = 1 to 5 (3.9)
DPCPavg =
5∑
i=1
DPCPi/5 (3.10)
3.4.2 Radial Distortion Elements
Figure 3.28 illustrates a radial distortion pattern. The difference between the face-average pressure and the
ring-average pressure yields the radial distortion intensity given as:
DPRPi =
(
∆PR
P
)
i
=
PFAV− PAVi
PFAV
(3.11)
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where PFAV =
1
5
5∑
i=1
PAVi is the area-weighted face average pressure (3.12)
(3.13)
Further radial distortion descriptors IDRH (hub) and IDRT (tip), which are either positive or truncated
to zero, are given as:
IDRi = DPRPi (3.14)
IDRT = max (IDR4, IDR5) (3.15)
IDRH = max (IDR1, IDR2) (3.16)
IDRMAX = max (IDRT, IDRH) (3.17)
3.4.3 Harmonic Analysis
The AIP total and static pressures measured by the pitot-static probes are steady-state measurements.
The steady-state field is effectively time invariant in the measurement frame. But if the reference frame is
attached to a rotating blade, the pressure field becomes time-variant. In one 360◦ rotation, the pressure-
variation measured is a continuous signal sampled at a certain rate. During each revolution of the blade, the
signal repeats and hence is periodic in a revolution. The measured pressure signal can be converted from
the time domain to the frequency domain by constructing a Fourier series decomposition as follows:
PR(j)i =
a0i
2
+
C/2∑
n=1
ani cos (2pinj/C) + bni sin (2pinj/C) (3.18)
where a0, an, and bn are the discrete Fourier series coefficients given by:
ani =
2
C
C∑
j=1
PR(j)i cos (2pinj/C) for n = 1, ..., C/2− 1 (3.19)
bni =
2
C
C∑
j=1
PR(j)i sin (2pinj/C) for n = 1, ..., C/2− 1 (3.20)
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a0i =
1
C
C∑
j=1
PR(j)i (3.21)
aC/2i =
1
C
C∑
j=1
PR(j)i cos (jpi) (3.22)
b0i = bC/2i = 0 (3.23)
where PR(j)i is the pressure recovery at the j
th sample point in ring i.
The root-mean-square of the Fourier coefficients give the harmonic content of the signal. The harmonic
content allows the aeromechanical analysis of the unsteady blade loading, the modal blade vibration response
and the flutter boundaries of the rotor [181, 182]. Certain modes of the rotor blades can be excited due to
the distortion pattern and give rise to mechanical failure. There exists a correlation between the harmonic
content of the pressure distortion field and the engine fan blade strain limit [183]. In general, reducing the
overall harmonic content leads to better performance. Based on the properties of the fan, certain modes
may be more damaging than others, and hence the distribution of harmonic content most suitable for a
given fan depends on its properties. The blade strain limits are independent of the inlet, and this allows for
a modular design of the inlet-engine system. From the inlet perspective, this makes the harmonic content
a valuable metric that can be used for analyzing the performance and the operating limits of the complete
engine. Since this investigation was independent of the fan, the harmonic content of the distortion will be
computed and documented.
The harmonic content is defined as follows:
Harmonic content n/rev (H(n)i) =
2
√
a2ni + b
2
ni
PRAVi
=
4
√
a2ni + b
2
ni
a0
(3.24)
(3.25)
where PRAVi is the average pressure recovery of the i
th ring.
The Fourier coefficients also allow for the harmonic modes to be calculated over the AIP as follows:
PRn(j)i = ani cos (2pinj/C) + bni sin (2pinj/C) (3.26)
where PRn(j)i is the pressure recovery at the j
th sample point in ring i of the nth harmonic.
For each n/rev mode, the ring-wise harmonic coefficients can be collapsed into a single coefficient by using
radial weighting functions as suggested by Ludwig [184] and Anderson et al. [185]. The single coefficient is
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given by
H(n) =
5∑
i=1
wiH(n)i (3.27)
where wi are the radial weights, tabulated in Table 3.3.
Ring number Radial weight coefficient
1 (hub) 0.05651
2 0.14248
3 0.21077
4 0.26918
5 (tip) 0.32106
Table 3.3: Radial weight coefficients for scaling the ring-wise pressure harmonic content.
The Fourier coefficients are governed by the Nyquist criterion, where the maximum number of harmonic
coefficients (including the 0th) that can be calculated is half the number of samples in a periodic revolution
sequence. The number of samples per revolution depends on the number of circumferential measurement
locations. ARP1420 recommends eight circumferential locations with a static rake. Increasing the number
of circumferential measurement locations reduces the error in measuring the harmonic coefficients. This
study was performed with a high resolution AIP measurement matrix, and pressure measurements were
made at every 10◦, giving 36 discrete circumferential locations. This enabled the calculation of 18 harmonics
including the 0th harmonic.
3.4.4 Uncertainty
All the performance metrics defined above can be computed from the measurements performed in the S-duct.
The method of propogation of uncertainty is used to calculate the maximum uncertainty in each metric and
flow variable. The detailed analysis is given in Appendix B. The maximum uncertainty for each metric is
tabulated in Table 3.4
3.5 PEDA Flow Control in S-Duct Results and Analysis
In this section, the results obtained from the implementation of the various diagnostics in the S-duct for the
study of the effect of the actuators are documented and analyzed. The pitot-static pressure measurements
conducted at the AIP give a high resolution view of the total and static pressures at 396 unique spatial
locations. The flow features and characteristics can be observed by plotting the Mach number contours.
Contour-plots of the pressure recovery illustrate the pressure deficit distributions. The flow features, the
65
Variable/ performance metric maximum uncertainty
Ambient pressure ±0.0025 psi
AIP static pressure ±0.0079 psi
AIP total pressure ±0.0079 psi
Bottom-wall static pressure ±0.0035 psi
Inlet Mach number ±0.0009
AIP total pressure recovery ±0.00056
AIP Mach number ±0.002
S-duct flow-rate (Q) ±0.17%
Actuation flow-rate (q) ±1%
Actuation flow-rate coefficient (Cq) ±1.3%
Table 3.4: Maximum uncertainty in measurement and variable calculation for the S-duct
pressure distributions and the distortion parameters and coefficients calculated from these pressure data form
the primary performance evaluation criteria for the actuators. Surface oil flow visualization on the bottom-
wall downstream of the first bend captured many essential flow features. Image samples are documented
here to illustrate the effect of actuation on the flow features. The streamwise and spanwise static pressure
taps measured the wall static pressure. The effect of actuation on these measurements is plotted in the
following sections.
The primary control for the actuators was the line pressure PL in the hose, upstream of the orifice plate
flow-meter. It was observed that due to the small effective total cross-sectional area of the actuator outlets,
the flow would choke at a line pressure as low as PL= 20 psig. Further increase in the mass flow would
be achieved by increasing PL. Thus, three different PL values were chosen to create different actuation
scenarios. By employing the same set of PL values for each actuator, a comparison of the performance
could be made. Further, the ratio of the flow-rate through the actuator (q) to the flow-rate through the
S-duct (Q) is defined as the S-duct actuation flow rate coefficient (Cq = q/Q). This coefficient allows for a
quantitative comparison independent of the internal actuator design variations, and hence is used for all the
data-plotting. Each actuator was investigated for the no flow control case and the three flow control cases
at two inlet Mach numbers of 0.3 and 0.77.
3.5.1 Inlet Flow Condition Feedback Control
The insertion and movement of the pitot-static probes near the exit plane of the S-duct vary the blockage
in the duct. The probes also couple with the flow structures and the presence of the upstream center-body
struts. This changes the inlet conditions over the duration of the data acquisition. By creating a feedback
loop between the wind tunnel control program and the data acquisition program, the inlet conditions (Mach
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number) were maintained within ±1% of the intended value throughout the data acquisition for each case.
Figure 3.29 plots the inlet Mach number for the controlled and uncontrolled cases and the blower motor RPM
variation for the controlled case as observed during the acquisition of 396 data points at the AIP. Without
the feedback control, the Mach number variation is ±2.45% from the desired value. It can be observed that
when feedback control is applied, the motor RPM compensates for the fluctuations in the inlet Mach number
(an RPM peak in the controlled case corresponds to a Mach number trough in the uncontrolled case and vice
versa) to maintain a maximum fluctuation within ±1% of the desired value. Figure 3.30 shows a contour-plot
comparison between the inlet Mach number variation for the constant blower speed uncontrolled case and
the feedback controlled variable fan speed case. Each contour-plot is an (R, θ, M) plot where the R and
θ values mark the location at the AIP at which the Pitot-static probes are inserted for measurement, and
the M value plotted at that (R,θ) location is the corresponding inlet Mach number for the probe insertion.
θ = 0◦ marks the top of the AIP. The span of the legend is equal in both images, ±0.20 about the mean, to
give an accurate visual comparison of the variation. It can be noticed that the variation in the inlet Mach
number is much less in the feedback control case than in the uncontrolled case.
3.5.2 Baseline S-Duct
As air flows through the S-duct, it accelerates slightly as it encounters the first bend. As the flow negotiates
the first bend, the centrifugal force acting on the high speed core flow pushes the fluid away from the inner-
wall (bottom-wall in current orientation) of the bend. This causes the slow moving boundary layer fluid
on the outer-wall of bend (upper-wall in current orientation) to travel along the sides toward the bottom-
wall. This motion leads to thinning of the upper-wall boundary layer and a thickening of the bottom-wall
boundary layer. This thickening is coupled with the setting up of a strong streamwise adverse pressure
gradient along the bottom-wall due to the bend and the diffusion. This adverse pressure gradient causes the
bottom-wall boundary layer to separate into a shear layer and sets up a recirculation region. The downward
motion of the boundary layer fluid along the side-walls also creates two large counter-rotating vortices, as
shown in the schematic in Chapter 1 (Fig. 1.5).
The twin vortices reach the AIP and for the S-duct under consideration merge together. The imprint of
these vortices is visible in the pressure contour-plots as a total pressure deficit region in the bottom half of
the AIP. The axial Mach number contour-plots show lower speeds in the same region. Further downstream,
as the flow negotiates the second bend, weaker separation occurs along the upper-wall (the inner-wall of the
second bend). The AIP is very close to this second bend and this separation region is observed as a thin
crescent of deficit in the total pressure recovery and velocity. As described earlier, in the S-duct facility
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where this investigation was conducted, a circular window was embedded on the top-wall, between the first
and the second bends for surface flow visualization. Since the flat acrylic window modified the geometry
of the upper surface slightly, the flow separation on the upper half of the AIP is aggravated slightly. This
study focuses on the separation at the bottom-wall and this experimental facility modification-generated
additional flow degradation is ignored.
Figure 3.31 shows the pressure recovery and Mach number contours for the baseline S-duct without any
actuators embedded in it, at an inlet Mach number of 0.77. In both figures, the total pressure and velocity
deficit regions are observed in the bottom half and at the very top of the AIP. The pressure distortion arises
primarily from the massive region of deficit in the bottom half of the AIP. The deficit is generated due to
the separation at the bottom-wall and the twin counter-rotating vortices. In the baseline pressure contours,
the vortices are barely discernible as they merge together by the time they reach the AIP. Their distinct
presence becomes more apparent as the flow control is established. Figure 3.32 shows the pressure recovery
and Mach number contours for the baseline case at an inlet Mach number of 0.30. The contour-plots are
qualitatively very similar to the high inlet Mach number case. The effect of the vortices and separation on
the total pressure deficit is less strong, and the overall pressure recovery is much higher as compared to the
Min = 0.77 case. This reaffirms the findings of previous studies that the pressure recovery decreases as the
inlet Mach number increases [104,107].
Figures 3.33 and 3.34 show images of the surface oil flow visualization performed on the bottom-wall,
downstream of the first bend for the inlet Mach numbers Min = 0.77 and Min = 0.30, respectively. For
both inlet Mach number cases, in the upstream-view images, the twin counter-rotating vortices are visible at
the top, just downstream of the turn. Downstream of and between these two vortices, the flow separates as
indicated by the separation node [134, 179]. The recirculation region can also be observed with the surface
oil flowing in the upstream direction instead of downstream. Toward the bottom of the upstream-view
images, another pair of vortices can be observed due to the side-wall fluid entering the recirculation zone
and moving upstream. In the downstream-view images, the reattachment location can be observed by noting
the bifurcation in the oil flow direction. These features are observed for both inlet Mach number conditions,
confirming that the same overall mechanisms are at work in generating them.
Figure 3.35 plots the wall static pressure as measured by 12 streamwise taps on the bottom-wall along the
spanwise centerline and five spanwise taps on the bottom-wall at a streamwise location x/L = 0.4070 for both
inlet Mach number conditions. The S-duct geometry is shown in the streamwise figure to indicate the location
of the taps in the duct corresponding to each data-point. It can be observed that the streamwise static
pressure drops as the flow reaches the first bend. The adverse pressure gradient begins downstream of the
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first bend as the flow diffuses and decelerates. Further downstream, the flow reattaches and straightens. This
can be seen in the plots as a relatively smaller change in the wall static pressure downstream of the second
bend. These trends match well for both the low and high inlet Mach number cases. The spanwise static
pressure tap row is located near the separation point. The pressure distribution is reasonably symmetric
around the spanwise centerline (y/D0 = 0.5).
Figure 3.36 shows the total pressure recovery distribution at each circumferential ring for the high inlet
Mach number case. In each sub-plot, the y-axis plots the total pressure recovery versus the circumferential
location (0◦ to 360◦, where 0◦ marks the top of the AIP as marked by the contour images discussed earlier,
and the data-point at 0◦ is repeated at the 360◦ location while plotting for continuity). With reference to
these plots, ring 1 is closest to the hub and ring 5 is closest to the tip of the blades at the AIP. It can be
observed that the total pressure deficit region in the lower half of the AIP dominates the inner rings, while
the total pressure deficit in the upper crescent of the AIP (aggravated by the flow visualization window as
discussed earlier) dominates the outer rings. Similarly, Fig. 3.37 shows the ring-wise total pressure recovery
distribution for the low inlet Mach number case with no flow control. The overall nature of the distribution
is the same as the high inlet Mach number case, although the average pressure recovery per-ring is much
higher.
The distortion parameters intensity, extent, multiple-per-revolution (MPR), ring total pressure recovery
(average), DPCP and DPRP as defined in Section 3.4, have been computed and plotted in Fig. 3.38 and
Fig. 3.39 for the high and low inlet Mach number cases, respectively. For both inlet conditions, the intensity
is the lowest for the inner ring 1 and highest for the outer ring 5, since the core flow close to the center-body
is relatively uniform, with the intensity increasing with ring number due to the presence of the twin vortices,
and finally reaching a maximum due to the two deficit regions in the bottom half as well as the top of the AIP
on the outer ring. MPR quantifies the number of distinct features and distortion regions a circumferential
ring intersects. On the inner three rings, the distortion arises from the contiguous pressure deficit region in
the bottom-half of the AIP, and the MPR is 1 (or nearly 1). For the outer two rings, the distortion is due
to two deficit regions in the top and bottom of the AIP, leading to MPR higher than 1. The second bend
creates a pair of counter-rotating vortices as well as separation, which leads to the top wall deficit. On ring
4, the two counter-rotating vortices are slightly discernible, leading to a total of three features (including the
bottom-wall deficit) and maximum MPR. On ring 5, the top wall deficit is a continuous region due to the
separation, and hence the MPR value is smaller than the ring 4 MPR value. The DPCP takes into account
both the intensity and MPR of the distortion, and closely follows the intensity distribution since the MPR
is nearly 1 for multiple rings. The extent of the distortion is largest for the first three rings (approximately
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120◦), due to the large deficit region in the bottom half of the AIP. On the outer two rings, the combined
extent of the top and bottom deficit regions is relatively smaller. The ring pressure recovery monotonically
decreases from the inner ring to the outer ring, since the flow is cleanest near the center-body, and strong
deficit regions exist on the outer ring. Due to this trend, the radial distortion also monotonically increases
from a large negative value (indicating higher-than-average recovery) for ring 1 to a large positive value
(indicating lower-than-average recovery) for ring 5.
Figure 3.40 shows the ring-wise total pressure recovery distribution harmonic content at each circumfer-
ential ring for both inlet Mach number conditions with no flow control. For the Min = 0.77 case, the first
harmonic dominates the first two (inner) rings. The second harmonic dominates the outer three rings. This
can be understood by analyzing the total pressure recovery contour-plots (Fig. 3.31) and the ring-wise line
plots (Fig. 3.36). For the inner two rings, the only pressure deficit region exists at the bottom-wall, leading
to a single disturbance per revolution, which is reflected in the 1/rev harmonic. For the outer three rings,
two features are encountered, the smaller pressure deficit on the top-wall and the larger deficit region on
the bottom half of the AIP, leading to a higher 2/rev harmonic content. A similar trend is observed for the
Min = 0.30 case, with the 1/rev harmonic content dominating the distortion for the inner rings, and the
2/rev harmonic for the outer rings.
For both inlet Mach number conditions, 17 harmonics are calculated but the first four harmonics dominate
the signal. Figures 3.41 and 3.42 show contour-plots of the first four harmonic modes for the high and low
inlet Mach number condition, respectively. It can be observed that the higher order harmonics affect the
outer rings more than the lower order harmonics. The harmonic content of the AIP distortion allows for
calculating the aero-mechanical response of a given compressor fan. Since this investigation is independent
of a particular fan, a performance comparison cannot be undertaken for different actuators based on the
resultant AIP harmonic content. In general, reduction of the single harmonic coefficient leads to better
performance of the inlet. Also important is the potential transfer of the energy from one harmonic to
another due to the actuation, leading to a distribution well-suited for a specific fan.
Table 3.5 documents the single numeric distortion and harmonic quantities. The face average pressure
recovery is higher for the lower inlet Mach number condition as compared to the higher inlet Mach number
condition. The distortion and harmonic quantities are higher for the higher inlet Mach number condition.
This indicates a deterioration in the performance of the S-duct with increasing inlet Mach number.
Thus, the flow-field in the S-duct without any actuators embedded in it has been studied using multiple
diagnostics. The data acquired have been plotted for both qualitative and quantitative analysis. Also, the
performance indices have been calculated to establish the baseline for the study.
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Parameter Min= 0.3 Min= 0.77
PRavg 0.9895 0.94224
DPCPmax 0.00966 0.07001
DPCPavg 0.008829665 0.05881
IDRH 0.00794 0.03625
IDRT 0 0
IDRmax 0.00794 0.03625
H(1) 0.0127 0.0824
H(2) 0.0171 0.1073
H(3) 0.0025 0.0151
H(4) 0.0031 0.0275
Table 3.5: Single numeric distortion quantities for the baseline S-duct with no flow control, for both low
and high inlet Mach number conditions.
3.5.3 PEDA Actuators in S-Duct
The first location where the pneumatically enhanced/ deployed actuators were embedded for study was
downstream of the first bend. The membrane-deployable streamwise-ejection actuator type was studied
first, followed by the always-deployed streamwise-ejection actuator type. Based on the results obtained in
these studies, the always-deployed double streamwise-ejection actuator type was designed and investigated.
The location upstream of the first bend was chosen next for embedding the actuators, and the membrane-
deployable and always-deployed versions of the streamwise-ejection actuator type were studied. Further,
skewed-ejection type actuators were designed and built, and three versions (membrane-deployable, always-
deployed and robust-deployable) were investigated. The following discussion describes in detail the perfor-
mance of the different types of actuators investigated along with a description of the evolution of the overall
test matrix. The discussion here will be supported by figures pertaining to the downstream always-deployed
double streamwise-ejection actuator investigation. Further, selected figures describing salient features of the
performance of two more actuator types, the upstream membrane-deployable skewed-ejection and upstream
always-deployed skewed-ejection, will be shown in this section. The figures detailing the data obtained for
all other actuator types are documented in Appendix E. This method of organizing and documenting the
data obtained will help to keep the overall flow of the discussion uncluttered while highlighting all important
features.
3.5.3.1 Downstream Always-Deployed Double Streamwise-Ejection Actuator
Figures 3.43 and 3.44 show the total pressure recovery and Mach number contours respectively for the down-
stream always-deployed double streamwise-ejection actuator. The subfigures show the different actuation
levels: the no actuation case and the actuated cases with Cq = 0.0054, 0.0075, and 0.0098 at an inlet Mach
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number of 0.77. When the jets are not activated, the passive always-deployed vortex-generator array is
the only flow control mechanism employed. The effect of these VGs alone seems minimal in the current
configuration. As the jets are activated, the presence of the twin vortices becomes more apparent as they
move away from each other and no longer merge together at the AIP. Their strength also weakens and the
total pressure deficit region in the bottom half of the AIP reduces in extent and intensity.
Figures 3.45 and 3.46 show the total pressure recovery and Mach number contours, respectively, for the
lower inlet Mach number condition, for actuation levels of Cq = 0, 0.0105, 0.0146, 0.0191. The effect of
actuation in this case is similar and much stronger than the effect observed in the high inlet Mach number
case. At an actuation level of Cq = 0.0146 and higher, the distortion produced by the counter-rotating
vortices and the bottom-wall separation is almost completely eliminated. A high total pressure region
develops at the bottom-wall due to the strength of the ejecting jets, indicating that for the Cq > 0.01, the
flow is over-actuated.
Figures 3.47 to 3.50 show images of the surface oil flow visualization performed on the bottom-wall
downstream of the first bend for the high and low inlet Mach number conditions. The flow features observed
for the unactuated case (Cq = 0) are similar to those observed in the baseline case described earlier. The
two counter-rotating vortices and the recirculation region can be seen in the upstream-view images, and the
reattachment location can be observed in the downstream-view images. As the jets are activated, reversal in
the direction of the flow is observed. This indicates movement of the separation point further downstream
as the recirculation region is reduced and subsequently eliminated.
Figures 3.51 and 3.52 plot the wall static pressure as measured by 12 streamwise taps on the bottom-wall
along the spanwise centerline and five spanwise taps on the bottom-wall at a streamwise location x/L =
0.4070 for the high and low inlet Mach number conditions, respectively. Comparing the Cq = 0 cases with
the baseline plots given in Fig. 3.35, it can be observed that the wall static pressure profiles are similar. As
the jet actuation level increases, the flow separation bubble reduces in size, leading to increasing diffusion of
the flow. This can be observed in the streamwise static pressure plots as the flow achieves higher wall static
pressure downstream of the first bend. For all actuation levels in the lower inlet Mach number case and for
actuation levels Cq = 0.0075 and higher in the higher Mach number case, the effect of the jet leads to a local
acceleration of the flow leading to a drop in the wall static pressure just downstream of the actuators. The
spanwise static pressures show substantial asymmetry as the jets are activated, indicating an increase in the
local three-dimensionality of the flow. The spanwise static pressure distribution is nearly constant for the
unactuated (Cq = 0) case, however.
Figures 3.53-3.56 plot the total pressure recovery distribution at each circumferential ring for the high inlet
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Mach number case, for all the actuation levels investigated. The core flow near the center-body, measured
by the total pressure recovery in circumferential ring 1, improves in quality starting at the lowest actuation
level of Cq = 0.0054, and at the maximum actuation level, the total pressure recovery plot is almost uniform
with a ring average total pressure recovery of nearly 1. The effect of actuation can also be observed in the
improvement in the total pressure distribution in ring 2. The effect is less pronounced in the outer three
rings. Particularly, the deficit region in the 0◦ − 45◦ and 315◦ − 360◦ segments (approximately) does not
change with actuation, since this region of deficit arises from the upper-wall flow separation at the second
bend, while the actuator addresses the bottom-wall separation at the first bend.
Figures 3.57-3.60 plot the effect of actuation on the ring-wise total pressure recovery distribution for the
lower inlet Mach number case. The flow uniformity improves with actuation in all the rings, although for
higher actuation levels, the creation of the high total pressure region at the bottom of the AIP leads to an
increase in the distortion in rings 4 and 5 (presented later).
The distortion parameters intensity, extent, multiple-per-revolution (MPR), ring total pressure recovery
(average), DPCP and DPRP, as defined in Section 3.4 have been computed and plotted in Figs. 3.61
and 3.62 for the high and low inlet Mach number cases, respectively. For both Mach number conditions,
the distortion intensity in all the rings generally decreases with increasing actuation. The extent and the
multiple-per-revolution do not change appreciably for the high inlet Mach number case, but the extent
decreases substantially on the inner rings with actuation for the low inlet Mach number case, due to the severe
weakening of the counter-rotating vortices. Also, the multiple-per-revolution generally increases, especially
on the inner rings, as the actuation is increased, as a single large contiguous deficit region is broken into
multiple small regions. The ring average total pressure recovery increases for all rings monotonically with
actuation for both inlet conditions. The circumferential distortion DPCP reduces almost monotonically with
increasing actuation, with the effect more strongly observed in the low inlet Mach number case. The radial
distortion is relatively invariant to the actuation as no strong change or trends are observed.
Figure 3.63 plots the face average distortion parameters and pressure recovery as a function of the actuation
coefficient for both inlet conditions. For the higher inlet Mach number case, the pressure recovery increases
from 94.35% to a maximum of 95.29%. The average circumferential distortion decreases by 43.85%, from
5.89% at Cq = 0 to 3.31% at Cq = 0.0098. Similarly, for the lower inlet Mach number case the total pressure
recovery increases from 98.97% to a maximum of 99.46% and the average circumferential distortion decreases
by 61.24%, from 0.91% at Cq = 0 to 0.35% at Cq = 0.0105. It can be observed that for actuation levels
Cq = 0.0146 and higher, the average circumferential distortion increases, due to the high total pressure
region created at the bottom of the AIP. This observation indicates, as noted earlier, that for the low inlet
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Mach number condition, at Cq > 0.01, the flow is over-actuated.
Figures 3.64 - 3.67 show the total pressure recovery distribution harmonic content at each circumferential
ring for the high and the low inlet Mach number conditions, for different actuation levels (Cq). The ring-wise
distribution is similar to the baseline case, with the 1/rev harmonic content dominating the distortion for
the inner rings, and the 2/rev harmonic for the outer rings. For the Min = 0.77 case, increasing actuation
diminishes the strength of all harmonics for all rings. For the Min = 0.30 case, the overall harmonic content
decreases as Cq first increases, but for values of Cq ≥ 0.0146, the total pressure recovery at the bottom half
of the AIP increases beyond the average, thereby increasing distortion in the outer rings. This is reflected
in the rise in the harmonic content for the outer rings.
Thus, with increasing actuation of the downstream always-deployed double streamwise-ejection actuator,
the bottom-wall separation downstream of the first bend is eliminated, as observed in the surface oil flow
visualization images and the streamwise static pressure measurements. Surface flow visualization also high-
lights weakening of the twin counter-rotating vortices. The changes in these flow-field structures observed
are further corroborated by the AIP total pressure measurements, which indicate reduction in the regions of
deficit, a distinct separation and weakening of the twin vortices, and an overall increase in the total pressure
recovery.
3.5.3.2 Downstream Membrane-Deployable and Always-Deployed Streamwise-Ejection
Actuators
All three downstream actuator variants have identical internal plumbing. The difference between the three
arises from the different dimensions of the channels that connect the internal plenum to the wall-jet outlet,
the number of VGs and the type of jet outlet. Thin, long channels lead to a choked flow condition at relatively
low line pressures, thereby restricting the flow-rate. For a given PEDA line pressure, the downstream always-
deployed double streamwise-ejection actuator has a higher flow-rate than the other downstream variants, due
to more outlets, and hence had a more significant effect on the AIP and was discussed in detail in the previous
section. The maximum flow-rate coefficient for the downstream always-deployed streamwise-ejection variant
is Cq = 0.0056 and Cq = 0.0109 for the high and low inlet Mach number conditions, respectively. The lowest
flow-rates for the same line pressures were observed in the downstream membrane-deployable variant, with
a maximum coefficient of Cq = 0.0039 and Cq = 0.0075 for the high and low inlet Mach number conditions,
respectively. This difference was due to the type of jet outlets designed. In the membrane-deployable variant,
the membrane deformation was limited, effectively leading to a lower outlet cross-section area as compared
to the fixed VG outlets of the always-deployed variant. Hence, the flow rate for the same line pressure was
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lower for the membrane-deployable variant as compared to the always-deployed variants. The effects of these
two variants were similar to the downstream always-deployed double variant, for the flow-rate coefficients
investigated. Selected indicative results of the study are documented in Appendix E, and cross-comparison
of the actuators based on the distortion indices is presented later in this chapter.
3.5.3.3 Upstream Streamwise-Ejection Actuators
The upstream location was chosen to investigate the control authority of the actuators before the flow
negotiates the first bend and the counter-rotating vortices are set up. The two features that affect the
flow adversely – the counter-rotating vortices and the separation – both originate at the first bend. The
secondary flow generated in the duct due to the bend generates the vortices. It also leads to the movement
of the low velocity boundary layer fluid from the upper-wall, down to the bottom-wall from the sides, leading
to its accumulation on the bottom-wall. This leads to thickening of the boundary layer and makes it more
susceptible to separation. The bend and the increasing cross-sectional area lead to eventual separation of
this thickened boundary layer. Thus, countering the secondary flow leads to both weakening of the counter-
rotating vortices and prevention of the accumulation of the boundary layer fluid on the bottom-wall, thereby
increasing its capacity to stay attached to the wall. The skewed-ejection actuators were designed precisely
to provide the mechanism to counter the secondary flow, both by the creation of vortices in the opposite
direction, as well as direct injection of high momentum fluid in the opposite direction.
The streamwise-ejection version at the upstream locations had a similar effect on the flow as the down-
stream streamwise-ejection actuators. The achieved flow-rate for the always-deployed version was higher
than for the membrane-deployable for the same line pressures, due to the effective jet outlet area difference
described previously. The baseline flow visualization showed that the location of the downstream actuators
was very near to the separation point. This adverse pressure gradient flow is already substantially retarded
at this location. A recirculation zone exists downstream of the separation point, which is the cause of sub-
stantial total pressure loss in the system. The presence of the solid VGs in the downstream always-deployed
and double streamwise-ejection actuators did not add any appreciable pressure loss to the system. On the
other hand, the location of the upstream actuators is before the flow negotiated the first bend where the
flow is completely attached. The presence of the solid VGs for the upstream always-deployed actuators
(both streamwise-ejection and the skewed-ejection) adds to the drag and total pressure loss in the system.
This adds further load on the blower running the wind-tunnel and reduced the inlet Mach number from
0.77 to 0.73. While increasing the fan RPM could increase the flow-rate, in order to prevent the current
drawn by the blower from exceeding the Full Load Amperage, the inlet Mach number was maintained at
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0.73 for the study conducted with the upstream always-deployed actuators. The streamwise-ejection actu-
ators at the downstream location performed better in reducing the distortion, than those at the upstream
location at the same flow-rates. Selected indicative results of the study are documented in Appendix E, and
cross-comparison of the actuators based on the distortion indices is presented later in this chapter.
3.5.3.4 Upstream Skewed-Ejection Actuators
The streamwise-ejection actuators were designed to energize the boundary layer and help it resist separation.
In a two-dimensional flow-field, the separation is a local phenomenon depending on the adverse pressure
gradient and the boundary layer fluid velocity in the vicinity of the separation point. In the flow inside the
S-duct, the flow is highly three-dimensional. The mechanism that sets up the counter-rotating vortices also
causes the low velocity boundary layer fluid from the upper-wall to move toward the bottom-wall from the
sides and leads to thickening of the boundary layer on the bottom-wall. This makes the boundary layer more
susceptible to separation. Thus, addressing the common mechanism that initiates both separation and the
vortex-pair in the flow has the potential of yielding larger benefits than just addressing one phenomenon of
the two. This motivated the design of the skewed-ejection actuators. The vortex-generators in these type of
actuators are oriented away from the spanwise centerline, leading to the creation of vorticity in the opposite
direction of the two large counter-rotating vortices in the S-duct. Further, the jets from the base of the VGs
are directed toward the side-walls at an angle to the spanwise centerline, thus opposing the motion of the
boundary layer fluid and preventing its build-up on the bottom-wall. The wall jets do have a component
in the streamwise direction that increases the streamwise momentum of the boundary layer and helps it
resist separation. Three variants of the skewed-ejection actuator were designed and studied: the membrane-
deployable, the always-deployed and the robust-deployable. The robust-deployable variant was developed as
a prototype that could be scaled up to an actual application level. In this section, the membrane-deployable
and always-deployed actuators are discussed with selected plots highlighting key differences and advantages
of these actuators over other systems.
Figure 3.68 shows the total pressure recovery contours for the upstream membrane-deployable and always-
deployed skewed-ejection actuators, with the jet actuation inactive (Cq = 0 case). Comparing this with the
baseline total pressure recovery contours from Fig. 3.31, it can be observed that the membrane-deployable
actuator recreates the baseline geometry when the jets are inactive, yielding an almost identical pressure
recovery deficit distribution at the AIP as the baseline case. But, the always-deployed variant has substantial
effect on the flow even without active jets. The vortex-generators create vorticity in the opposite direction
as the natural counter-rotating vortex pair in the S-duct, and diminish their strength as well as move them
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away from each other at the AIP. This also diminishes the accumulation of the boundary layer fluid on the
bottom-wall, reducing separation.
Figures 3.69 and 3.70 plot the total pressure recovery contours for the membrane-deployable and always-
deployed actuator variants, respectively, for jet actuation levels up to Cq = 0.0093 at the high inlet Mach
number case of Min = 0.77 and Min = 0.73, respectively. In the membrane-deployable case, the effect of
increasing jet actuation flow-rate on the pressure deficit is similar to, but much stronger than, the downstream
always-deployed double streamwise-ejection actuator case (Fig. 3.43). The twin vortices weaken in strength
substantially and move away from each other. The deficit on the very bottom of the AIP attributed to
the bottom-wall separation is eliminated. In the always-deployed case, increasing the actuation leads to the
effect of the twin-vortices spreading further up and away from each other at the AIP. The core-flow flow is
substantially more uniform than for the baseline case. Figure 3.71 plots the total pressure recovery contours
for the always-deployed actuator variant for jet actuation levels up to Cq = 0.0178 at the low inlet Mach
number case of Min = 0.30. For the unactuated case (Cq = 0), the presence of the VGs creates an effect on
the AIP similar to the high inlet Mach number case, with the twin vortices moving away from each other.
As the actuation is increased, the twin vortices weaken until their effect is completely eliminated. Also, two
regions develop in the bottom half of the AIP where the total pressure is higher than the face average, due
to the strong jet actuation, indicating over-actuation. Figure 3.72 shows a schematic indicating the effect of
the skewed-ejection actuators for the low inlet Mach number case. The cross-sectional area at the first bend,
which is almost rectangular in shape just downstream of the actuators, is drawn. The Cq = 0 case is shown
on top, moderate actuation in middle, and over-actuation at bottom. The pair of twin-vortices is indicated
in black, the arrows indicate the jet ejection, and the boundary layer is shown in gray. The thinning of the
upper-wall boundary layer and thickening of the bottom-wall boundary layer due to accumulation of the
low-velocity near-wall fluid from the sides is illustrated for the Cq = 0 case. With the jet actuation, the
size of the vortices reduces, along with the thinning and energizing of the bottom-wall boundary layer which
eliminates the flow separation. For the over-actuated case, the vortices disappear and a strong jet is ejected
close to the bottom-wall, creating the region of higher-than-average total pressure on the bottom-half of the
AIP, as observed.
Figure 3.73 shows images of the surface oil flow visualization performed on the bottom-wall downstream
of the first bend for the upstream always-deployed skewed-ejection actuator at the low inlet Mach number
condition. From the upstream-view images, it can be observed that the flow is moving downstream, and the
two counter-rotating vortical structures are no longer present on the bottom-wall. Comparing this view with
the baseline flow visualization case, it can be observed that the separation region is eliminated even without
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any jet actuation, due to the presence of the skewed VGs. The downstream-view images also support this
conclusion, since all oil streaks flow in the downstream direction. This observation that flow separation on
the bottom-wall is diminished, even for the unactuated case (Cq = 0), concurs with the observed elimination
of the total pressure deficit region near the bottom-wall at the AIP.
3.5.3.5 All actuators performance comparison
As previously described, eight variants of the pneumatically enhanced/ deployed actuators were developed
and studied for flow control in the S-duct inlet diffuser. A detailed analysis of one variant (downstream
always-deployed double streamwise-ejection) was presented earlier, along with certain defining features of
two other variants (upstream always-deployed skewed-ejection and upstream membrane-deployable skewed-
ejection). Documenting the results obtained for all the actuators in full detail would make the dissertation
highly cumbersome. This section reduces the data into a limited number of plots that capture the relative
performance of the actuators, based on the parameters defined earlier in Section 3.4. Each figure in this
section plots data obtained from all eight variants. Table 3.6 lists the abbreviations used for each actuator
name described in the plots.
# PEDA type Abbreviated nomenclature
1 Downstream membrane-deployable streamwise-ejection Dwn dplybl
2 Downstream always-deployed streamwise-ejection Dwn alwdp
3 Downstream always-deployed double streamwise-ejection Dwn alwdp dbl
4 Upstream membrane-deployable streamwise-ejection Up dplybl
5 Upstream always-deployed streamwise-ejection Up alwdp
6 Upstream membrane-deployable skewed-ejection Up dplybl skew
7 Upstream always-deployed skewed-ejection Up alwdp skew
8 Upstream robust-deployable skewed-ejection Up mech dplybl
Table 3.6: Details of pneumatically enhanced/ deployed actuator types.
Figure 3.74 plots the AIP average circumferential distortion DPCPavg as a function of actuation coefficient
Cq for the high inlet Mach number condition. For all actuators, DPCPavg decreases essentially monotonically
with increasing actuation, thereby enhancing the performance of the S-duct inlet. Certain trends and com-
parisons can be made between the actuator variants. All three downstream actuators perform similarly, as
their DPCPavg curves collapse together. The two downstream always-deployed variants lead to a lower dis-
tortion than the downstream membrane-deployable version for the Cq = 0 actuation level. For the upstream
actuators, the skewed-ejection actuators outperform the streamwise-ejection actuators as can be observed
by comparing the DPCPavg curves for the membrane-deployable skewed-ejection versus streamwise-ejection
actuators and the always-deployed skewed-ejection versus streamwise-ejection actuators. The downstream
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streamwise-ejection actuators perform better than the upstream streamwise-ejection variants. The three
upstream skewed-ejection actuators perform better than the other variants, and of those three variants,
the always-deployed actuator yields the lowest DPCPavg for all actuation levels, with the overall minimum
DPCPavg value of 2.76% measured at an actuation level of Cq = 0.0093. This is a 53.06% decrease from
the baseline DPCPavg value of 5.88%. It can be observed that even without any jet actuation, the VGs of
the upstream always-deployed skewed-ejection variant decrease the value of DPCPavg by 36.05% to 3.76%.
Figure 3.75 plots the AIP average circumferential distortion DPCPavg as a function of actuation coefficient
Cq for the low inlet Mach number condition. Except for the upstream always-deployed skewed-ejection ac-
tuator, DPCPavg decreases monotonically for actuation levels lower than approximately Cq = 0.01. As the
actuation level increases beyond that, the distortion level increases for certain actuators. This trend can be
understood by analyzing the AIP total pressure recovery contours for the lower inlet Mach number case. For
lower actuation rates, the pressure deficit region is weakened and redistributed to create a relatively uniform
pressure distribution. But as the actuation rates increase further, a region develops on the bottom half of
the AIP where the total pressure is higher than the face average, leading to an increase in the DPCPavg.
The lowest observed value of DPCPavg is 0.354% at Cq = 0.0105 for the downstream always-deployed double
streamwise-ejection actuator, a 59.91% decrease from the baseline DPCPavg value of 0.993%.
Figures 3.76 and 3.77 plot the maximum circumferential distortion DPCPmax as a function of actuation
coefficient for the high and low inlet Mach number conditions, respectively. The overall trends mirror the
DPCPavg trends, as the DPCPmax value decreases with increasing actuation for all actuators in the high
inlet Mach number case, and for the low inlet Mach number case, the DPCPmax value initially decreases
with increasing Cq, but increases with Cq beyond a certain point, that varies for the different actuators.
For the higher inlet Mach number case, DPCPmax value is lower for the upstream always-deployed skewed-
ejection actuator than all other actuators, at all levels of actuation due to the same reasons described for
the DPCPavg trends above. For that actuator, the lowest value of DPCPmax is 4% at Cq = 0.0093.
Figures 3.78 and 3.79 plot the maximum radial distortion IDRmax as a function of actuation coefficient
for the high and low inlet Mach number conditions respectively. The maximum radial distortion value is
largely invariant with the actuation coefficient. For the higher inlet Mach number case, the radial distortion
for the upstream always-deployed streamwise-ejection actuator is lower than all other actuators for the same
actuation level. The effect of this actuator was to weaken the twin vortex structures without any radial
rearrangement, for all actuation levels. Hence, the ring average deficit was distributed more evenly, and the
radial distortion was lower, and stayed lower. On the other hand, for the high inlet Mach number case, the
radial distortion for the upstream always-deployed skewed-ejection actuator is higher than all other actuators
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for the same actuation level. This actuator, for the unactuated case as well as the actuated case, moves the
twin-vortices radially outward and upward, away from the bottom-wall (Figs. 3.68 and 3.70). Due to this
movement, large regions of deficit exist on the outer ring, while the flow is relatively uniform in the inner
rings. Due to this strong dependence of deficit on the radius, the radial distortion is high. Since increasing
the actuation coefficeint (Cq) does not significantly alter the radial distribution (as the features continue
moving circumferentially upwards in the AIP), the radial distortion stays high, although relatively invariant
with actuation. The same actuator has a substantially different effect on the AIP. As can be observed in
the total pressure contours presented earlier, (Fig. 3.70), apart from the weakening of the twin vortices
and their radially outward and upward movement in the AIP, two regions develop in the bottom half of the
AIP, on the outer rings, where the total pressure is higher than the face average. This region increasingly
compensates for the deficit regions in each ring, and the distribution ring average pressures becomes more
increasingly equal, leading to a monotonic reduction in the radial distortion.
Figures 3.80 and 3.81 plot the face average pressure recovery as a function of actuation coefficient for
the high and low inlet Mach number conditions, respectively. The average pressure recovery increases with
actuation coefficient for all actuators, for both high and low inlet Mach number condition. For the high inlet
Mach number condition, the three skewed-ejection variants showed relatively lower gains with actuation,
potentially due to the direction of their jets not being along the core-flow direction, and contributing less
to the addition of streamwise momentum. The highest gains in pressure recovery for the high inlet Mach
number condition were observed for the upstream always-deployed streamwise-ejection actuator, with the
PRavg value increasing from 93.88% at no jet actuation to 95.33% at Cq = 0.0093. The same actuator
showed an increase in the PRavg value from 98.98% at no jet actuation to 99.52% at Cq = 0.0175 for the low
inlet Mach number case (Min=0.30). Particularly for the low inlet Mach number case, the curves collapse
together for all actuators except the upstream robust-deployable skewed-ejection actuator. The potential
reason for the lower PRavg observed for that actuator could be the overhead of keeping the VGs in the
deployed condition.
Figures 3.82-3.85 plot the first four harmonics of the AIP total pressure distortion as a function of actuation
coefficient for the high inlet Mach number conditions. The harmonics are calculated by the ring-weighted
average using Eqn. 3.27. The trends in the harmonic content in general follow the circumferential distortion
trends, except when a change in the number of distinct features occurs, which then leads to a shift of
signal energy from one harmonic to another. For the high inlet Mach number conditions, the 1/rev and
2/rev harmonics decrease with increasing actuation coefficient for all actuators. The lowest content for both
harmonics is observed in the upstream always-deployed skewed-ejection actuator. The 3/rev harmonic is
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invariant with the actuation coefficient for all streamwise-ejection actuators, whereas for the skewed-ejection
actuators, the 3/rev harmonic increases with increasing actuation. The streamwise-ejecting jets focus on
reducing and eliminating separation on the bottom-wall and also weaken the twin counter-rotating vortices,
leading to an overall reduction in the distortion without substantially altering the structure and position
of the two pressure-deficit regions at the AIP. The skewed-ejecting jets focus on the secondary flow and
counter it to reduce distortion at the AIP. This mechanism alters the structure and the position of the
counter-rotating vortices while weakening them. This altered distribution is composed of one deficit region
at the very top of the AIP, and the two counter-rotating vortices at distinct locations at approximately
the 90◦ − 150◦ and 210◦ − 270◦ segments. As the vortices are spread further apart by increasing the
skewed-ejection jet actuation, the 3/rev content increases. No strong trends can be established for the 4/rev
harmonic, and this harmonic arises primarily from the outer ring of the AIP as seen in the contour-plots of
the fourth mode of the distortion (Fig. 3.40).
Figures 3.86-3.89 plot the first four harmonics of the AIP total pressure distortion as a function of actuation
coefficient for the low inlet Mach number conditions.The harmonic content distribution evolution takes into
account the reduction in the pressure deficit regions up to certain levels of actuation, and the generation of
high total pressure regions after that. This effect is observed in the 1/rev harmonic content which decreases
with increasing actuation up to about Cq = 0.009 and then increases, for all actuators except the upstream
always-deployed skewed-ejection acctuator. The 2/rev harmonic decreases with increasing actuation for all
actuators. The 3/rev harmonic is invariant to the actuation coefficient until approximately Cq = 0.009 for
all streamwise-ejection actuators, and increases with the coefficient beyond Cq = 0.009. For the deployable
skewed-ejection actuators, the 3/rev harmonic increases with increasing actuation similar to the high inlet
Mach number condition. The 4/rev harmonic is relatively invariant with the actuation coefficient for all
actuators. For all the modes described above, the upstream always-deployed skewed-ejection actuator shows
an evolution different from the rest. The effect of the VGs moves the counter-rotating vortices away from
each other and higher in the AIP, creating a distortion profile dominated by the 3/rev content, primarily in
the outer rings, as described earlier. Increasing the actuation diminishes these structures and decreases the
3/rev content. Increasing the actuation creates a high-pressure region, which increases the 1/rev content,
while the 2/rev and 4/rev harmonics stay largely invariant, although some variation is observed towards the
highest actuation level due to the process of high-pressure region creation and eventual dissipation of the
deficit region.
Table 3.7 gives a summary of the performance of all PEDA variants at the high inlet Mach number
condition.
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Table 3.7: A summary of the performance of all PEDA variants at the high inlet Mach number condition.
PEDA variant Performance summary
Downstream
membrane-
deployable
streamwise-
ejection
Internal plumbing and limited membrane-deflection restricted the flow-rate.
Bottom-wall flow separation was reduced, and the vortices were weakened but
not completely eliminated. Circumferential distortion reduced and pressure
recovery increased, while radial distortion stayed relatively invariant with
actuation coefficient. Overall harmonic content reduced, but no strong
redistribution of the n/rev harmonics observed, due to the lack of break-up of
the vortices.
Downstream
always-deployed
streamwise-
ejection
Performance trends similar to the downstream membrane-deployable
streamwise-ejection variant, although due to higher-flow rates achieved,
stronger impact on the AIP observed. Bottom-wall separation completely
eliminated.
Downstream
always-deployed
double
streamwise-
ejection
Performance trends similar to the downstream membrane-deployable
streamwise-ejection variant, although due to higher-flow rates achieved,
stronger impact on the AIP observed. Bottom-wall separation completely
eliminated. Best for increasing pressure recovery.
Upstream
membrane-
deployable
streamwise-
ejection
Internal plumbing and limited membrane-deflection restricted the flow-rate.
Bottom-wall flow separation reduced, and the vortices were weakened but not
completely eliminated. Circumferential distortion reduced and pressure
recovery increased, while radial distortion stayed relatively invariant with
actuation coefficient. Overall harmonic content reduced, but no strong
redistribution of the n/rev harmonics observed, due to the lack of break-up of
the vortices.
(Continued)
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(Continued)
PEDA variant Performance summary
Upstream
always-deployed
streamwise-
ejection
Performance trends similar to the upstream membrane-deployable
streamwise-ejection variant, although due to higher-flow rates achieved,
stronger impact on the AIP observed. Bottom-wall separation completely
eliminated. Slight increase in radial distortion. Higher drag, additional
pressure loss due to presence of VGs.
Upstream
membrane-
deployable
skewed-ejection
Bottom-wall flow separation eliminated. Twin vortices weakened and
separated. Circumferential distortion reduced and pressure recovery
increased, while radial distortion increases slightly with actuation coefficient.
Overall harmonic content reduced, and transfer of energy from 1/rev and
2/rev to 3/rev harmonic observed as the AIP pressure distribution changes
substantially due to the separation of vortices. Best for minimal intrusion
into the core flow while achieving modest pressure recovery increase and
distortion reduction.
Upstream
always-deployed
skewed-ejection
Bottom-wall flow separation eliminated. Twin vortices severely disrupted,
and moved away from the core flow. Circumferential distortion reduced and
pressure recovery increased, while radial distortion increases slightly with
actuation coefficient. Overall harmonic content reduced, and transfer of
energy from 1/rev and 2/rev to 3/rev harmonic observed as the AIP pressure
distribution changes substantially due to the separation of vortices. Best for
reducing distortion and re-distributing harmonic content at the expense of
higher drag due to presence of VGs.
Upstream
robust-
deployable
skewed-ejection
Performance very similar to the upstream membrane-deployable
skewed-ejection variant, up to the tested flow-rates. Higher drag, additional
pressure loss due to presence of VGs.
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3.6 Summary
The pneumatically enhanced/ deployed actuators (PEDAs) were developed and implemented in the S-duct
inlet diffuser for distortion management and pressure recovery optimization. The S-duct facility was designed
and constructed to conduct an experimental investigation of the actuators’ performance. Eight variants of
the PEDAs were designed and built to conduct a parametric evaluation of their effect on the S-duct flow.
The flow was interrogated by multiple diagnostics including surface flow visualization, wall-static pressure
measurements, and high-resolution pitot-static measurements at the aerodynamic interface plane (AIP) - the
outlet plane of the S-duct diffuser, and the plane in which the blades of the compressor lie. The total pressure
recovery and distortion parameters were defined and used to analyze the performance of the actuators in the
S-duct. The baseline flow through the S-duct was studied with the diagnostics, and the primary flow-features
were identified. The two counter-rotating vortices that develop as the flow negotiates the first bend flow
downstream and adversely affect the flow properties at the AIP by increasing the distortion and reducing
pressure recovery. The secondary flow also leads to thickening of the bottom-wall boundary layer near the
first bend. As the flow diffuses and negotiates the first bend, the resulting adverse pressure gradient and
the thick low-momentum boundary layer fluid leads to flow separation on the bottom-wall, which further
reduces the pressure recovery and increases the distortion of the inlet. This investigation of the baseline
S-duct helped to understand the features that needed to be addressed for performance enhancement, and
to develop a directed strategy for implementing the flow control. Two locations, upstream and downstream
of the flange at the first bend were chosen for study. All actuators performed positively in improving the
quality of the flow through the S-duct and the performance. The overall distortion was reduced and the
pressure recovery increased. The core-flow on the innermost rings was improved in quality to yield an almost
distortion-free pressure profile.
Due to the different flow-features addressed by the different actuators, their performance varied in both
quantitative and qualitative terms. The streamwise-ejection actuators targeted the flow separation at the
first bend and reduced the strength and intensity of the counter-rotating vortices. The always-deployed
actuators in the upstream location intruded in the attached accelerating flow leading to a drag-penalty
and additional total pressure loss. The downstream location always-deployed actuators did not create this
additional pressure drop since they were located in an area where the flow was retarded and almost separated.
Of all the streamwise-ejection actuators, the downstream-located ones were more effective than those located
upstream, since they injected momentum and vorticity into the flow very near the separation point. Since
their primary action was directed towards the flow separation and not the twin vortices, they did not re-
position these latter flow features. Hence, they did not alter the distribution of harmonic content of the
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distortion, although the magnitudes were reduced. The skewed-ejection actuators were designed to address
the buildup of low-momentum fluid on the bottom-wall and the two counter-rotating vortices. They had the
strongest effect in lowering the overall distortion, although the pressure recovery benefits were compromised.
The skewed-ejection actuators also led to restructuring of the AIP distortion pattern and led to shifting of
the dominant harmonic mode from 2/rev for the baseline S-duct to 3/rev. The always-deployed variants of
the skewed-ejection actuator also added a drag penalty due to their upstream location. The always-deployed
variants yielded higher actuation flow-rates for the same line pressures, increasing their effect on the AIP.
The deployable variants allowed for recreating the baseline flow due to their minimal intrusion in the flow
when the jets are inactive.
The considerable variation in the effect of each actuator described above allows for tailoring the PEDAs
for a specific goal based on a combination of desired effects, for instance lowering distortion, increasing
pressure recovery, decreasing specific harmonic content and utilizing the low-intrusion deployability. The
robust-deployable variant offers a technology solution that can be scaled-up for use in a real inlet with
some modifications. The investigation thus completes the fundamental-to-applied cycle for performance
enhancement of the S-duct inlet diffuser using pneumatic hybrid actuators.
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3.7 Figures
Figure 3.1: Photograph of the S-duct facility.
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Figure 3.2: CAD schematic S-duct facility assembly.
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Figure 3.3: Illlustrative comparison of the operating curves of an axial fan and a centrifugal blower.
Figure 3.4: Performance curves for the centrifugal blower (Cincinnati Fan, model HP-12G30), with the
operating region and phases illustrated.
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Figure 3.5: CAD schematics of the S-duct with different diagnostics labeled. Top isometric view (a): The
upper wall of the middle section has a circuar pexiglass window embedded for optical access for performing
surface oil flow visualization. The inlet and exit planes have four wall static pressure-taps (one on each
wall of the rectangular inlet, and equi-angularly placed at the round outlet. The AIP is marked (without
the center-body) where the Pitot-static probes mounted on the diagnostic collar perform total and static
pressure measurements. Bottom isometric view (b): Streamwise and spanwise wall-static taps embedded
into the bottom wall.
Figure 3.6: CAD schematic of the S-duct with the locations of the bottom wall static taps indicated by
black dots. A spanwise array of five taps spaced an inch apart is embedded at the streamwise location
marked.
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Figure 3.7: CAD schematic of the S-duct with the locations of the pneumatic actuators indicated.
Figure 3.8: CAD schematic of the S-duct with the diagnostic collar.
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Figure 3.9: CAD schematic of the S-duct showing the center-body spinner at the exit.
Figure 3.10: CAD schematic (half-section view) of the S-duct facility showing the complete center-body,
including the spinner, the struts with aerodynamic fairings and the diverging cone at the downstream end.
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Figure 3.11: System resistance, or load on the blower for various downstream blockages. Note that only the
runs with 76% or more blockage were able to reach full RPM without crossing the full load amperage limit.
The inset on the top right shows a close-up of the 1700-2400 RPM range.
Figure 3.12: Current drawn by the blower motor for various downstream blockages. The full load amperage
(FLA = 138 A) and service factor (SF = 158 A) are marked by the orange and brown lines respectively.
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Figure 3.13: The variable blockage gate mechanism in its deployed, blocked form (left), with the gate slid
down (center) and with the frame rotated away (right).
Figure 3.14: Front panel of the LabVIEW VI used for control and data acquisition of the S-duct facility.
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Figure 3.15: Current drawn by the blower motor (left axis) and motor RPM (right axis) during the tunnel
startup procedure. Approximately three data-points are recorded per second. The three startup phases
“start”, “unload” and “trim” are illustrated.
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Figure 3.16: The distribution of locations where data were acquired at the AIP by the two pitot-static
probes. The center-body is masked in gray, and the AIP is in the shape of an annulus.
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Figure 3.17: Schematic of the S-duct with the flow visualization setup.
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Figure 3.18: CAD schematics of the pneumatically enhanced/deployed actuator (PEDA) variants designed
and constructed for implementing flow control in the S-duct.
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Figure 3.19: Photograph of the pneumatically enhanced/deployed actuator (PEDA) variants designed and
constructed for implementing flow control in the S-duct.
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Figure 3.20: CAD schematic close-up views of the vortex-generator types of different PEDA variants.
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Figure 3.21: CAD schematic section views of the upstream always-deployed streamwise-ejection actuator.
The following internal plumbing features are highlighted: the air inputs, the plenum and the channels
connecting the plenum to the outlet of each jet at the MVG base.
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Figure 3.22: Photograph of the pneumatic plumbing feeding pressurized air to the PEDA.
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Figure 3.23: Photograph of the orifice plate flow-meter assembly.
Figure 3.24: Schematic of the PEDA air supply and the orifice plate flow-meter assembly.
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Figure 3.25: Schematic of the S-duct facility control and the data acquisition.
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Figure 3.26: AIP ring circumferential distortion for a one-per-rev pattern (image taken from ARP
1420 [73]).
Figure 3.27: AIP ring circumferential distortion for a multiple-per-rev pattern (image taken from ARP
1420 [73]).
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Figure 3.28: AIP radial distortion pattern (image taken from ARP 1420 [73]).
Figure 3.29: Sample data showing the inlet Mach number and motor RPM variation over time. The blue
curve plots the inlet Mach number (desired value of Min=0.725) without any feedback control for fixed
motor RPM. The red curve plots the inlet Mach number (desired value of Min=0.77) with feedback
control, and the green curve plots the corresponding motor RPM.
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Figure 3.30: Contour-plot comparison between the inlet Mach number variation for the constant blower
speed uncontrolled case (left) for desired value of Min=0.725 and the feedback controlled variable fan
speed case (right) for a desired value of Min=0.77 over the AIP measurement sequence.
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Figure 3.31: AIP total pressure recovery and Mach number contours for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.77.
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Figure 3.32: AIP total pressure recovery and Mach number contours for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.30.
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Figure 3.33: Surface oil flow visualization images of the baseline S-duct with no flow control actuators
embedded in it, at an inlet Mach number of 0.77. Top and bottom rows give the upstream-view and
downstream-view (respectively) of the bottom wall, middle section of the S-duct. The left column shows
the actual images with the flow features labeled. The right column shows images superimposed with
illustrative streaklines (white arrows), to better identify the flow features.
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Figure 3.34: Surface oil flow visualization images of the baseline S-duct with no flow control actuators
embedded in it, at an inlet Mach number of 0.30. Top and bottom rows give the upstream-view and
downstream-view (respectively) of the bottom wall, middle section of the S-duct. The left column shows
the actual images with the flow features labeled. The right column shows images superimposed with
illustrative streaklines (white arrows), to better identify the flow features.
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Figure 3.35: Streamwise and spanwise wall static pressure profile of the baseline S-duct with no flow
control actuators embedded in it. An image of the S-duct is superimposed on the streamwise plot to
indicate the locations of the static taps.
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Figure 3.36: Ring-wise total pressure recovery distribution at the AIP for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.77. The location 0◦ marks the top of the
AIP.
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Figure 3.37: Ring-wise total pressure recovery distribution at the AIP for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.30. The location 0◦ marks the top of the
AIP.
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Figure 3.38: Ring-wise AIP total pressure distortion and recovery parameters for the baseline S-duct with
no flow control actuators embedded in it, at an inlet Mach number of 0.77.
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Figure 3.39: Ring-wise AIP total pressure distortion parameters for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.30.
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Figure 3.40: Harmonic content (n=1 to 17) of the total pressure distortion for the baseline S-duct with no
flow control actuators embedded in it, at an inlet Mach number of 0.77 (top) and 0.30 (bottom).
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Figure 3.41: First four harmonics of the AIP total pressure distortion for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.77.
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Figure 3.42: First four harmonics of the AIP total pressure distortion for the baseline S-duct with no flow
control actuators embedded in it, at an inlet Mach number of 0.30.
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Figure 3.43: AIP total pressure recovery contours for the S-duct with the downstream always-deployed
double streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure 3.44: AIP Mach number contours for the S-duct with the downstream always-deployed double
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
120
Figure 3.45: AIP total pressure recovery contours for the S-duct with the downstream always-deployed
double streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure 3.46: AIP Mach number contours for the S-duct with the downstream always-deployed double
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure 3.47: Surface oil flow visualization images of the S-duct with the downstream always-deployed
double streamwise-ejection actuator, at an inlet Mach number of 0.77, for the unactuated case (Cq = 0).
Top and bottom rows give the upstream-view and downstream-view (respectively) of the bottom wall,
midde section of the S-duct. The left column shows the actual images with the flow features labeled. The
right column shows images superimposed with illustrative streaklines (white arrows), to better identify the
flow features, and the location of the VGs is illustrated by gray triangles.
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Figure 3.48: Surface oil flow visualization images of the S-duct with the downstream always-deployed
double streamwise-ejection actuator, at an inlet Mach number of 0.77, for the actuated case (Cq = 0.0098).
Top and bottom rows give the upstream-view and downstream-view (respectively) of the bottom wall,
midde section of the S-duct. The left column shows the actual images with the flow features labeled. The
right column shows images superimposed with illustrative streaklines (white arrows), to better identify the
flow features, and the location of the VGs is illustrated by gray triangles.
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Figure 3.49: Surface oil flow visualization images of the S-duct with the downstream always-deployed
double streamwise-ejection actuator, at an inlet Mach number of 0.30, for the unactuated case (Cq = 0).
Top and bottom rows give the upstream-view and downstream-view (respectively) of the bottom wall,
midde section of the S-duct. The left column shows the actual images with the flow features labeled. The
right column shows images superimposed with illustrative streaklines (white arrows), to better identify the
flow features and, the location of the VGs is illustrated by gray triangles.
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Figure 3.50: Surface oil flow visualization images of the S-duct with the downstream always-deployed
double streamwise-ejection actuator, at an inlet Mach number of 0.30, for the actuated case (Cq = 0.0191).
Top and bottom rows give the upstream-view and downstream-view (respectively) of the bottom wall,
midde section of the S-duct. The left column shows the actual images with the flow features labeled. The
right column shows images superimposed with illustrative streaklines (white arrows), to better identify the
flow features, and the location of the VGs is illustrated by gray triangles.
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Figure 3.51: Streamwise and spanwise wall static pressure profile of the S-duct with the downstream
always-deployed double streamwise-ejection actuator at an inlet Mach number of 0.77. An image of the
S-duct is superimposed on the streamwise plot to indicate the locations of the static taps.
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Figure 3.52: Streamwise and spanwise wall static pressure profile of the S-duct with the downstream
always-deployed double streamwise-ejection actuator at an inlet Mach number of 0.30. An image of the
S-duct is superimposed on the streamwise plot to indicate the locations of the static taps.
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Figure 3.53: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.77, for actuation
coefficient Cq = 0. The location 0
◦ marks the top of the AIP.
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Figure 3.54: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.77, for actuation
coefficient Cq = 0.0054. The location 0
◦ marks the top of the AIP.
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Figure 3.55: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.77, for actuation
coefficient Cq = 0.0075. The location 0
◦ marks the top of the AIP.
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Figure 3.56: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.77, for actuation
coefficient Cq = 0.0098. The location 0
◦ marks the top of the AIP.
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Figure 3.57: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.30, for actuation
coefficient Cq = 0. The location 0
◦ marks the top of the AIP.
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Figure 3.58: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.30, for actuation
coefficient Cq = 0.0105. The location 0
◦ marks the top of the AIP.
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Figure 3.59: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.30, for actuation
coefficient Cq = 0.0146. The location 0
◦ marks the top of the AIP.
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Figure 3.60: Ring-wise total pressure recovery distribution at the AIP of the S-duct with the downstream
always-deployed double streamwise-ejection actuator, at an inlet Mach number of 0.30, for actuation
coefficient Cq = 0.0191. The location 0
◦ marks the top of the AIP.
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Figure 3.61: Ring-wise AIP total pressure distortion and recovery parameters of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for different actuation levels (Cq), at an
inlet Mach number of 0.77.
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Figure 3.62: Ring-wise AIP total pressure distortion and recovery parameters of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for different actuation levels (Cq), at an
inlet Mach number of 0.30.
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Figure 3.63: AIP total pressure distortion and recovery parameters of the S-duct with the downstream
always-deployed double streamwise-ejection actuator for different actuation levels (Cq), at an inlet Mach
number of 0.77 (top) and 0.30 (bottom).
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Figure 3.64: Harmonic content (n=1 to 17) of the total pressure distortion of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for actuation levels Cq = 0 (top) and Cq
= 0.0054 (bottom), at an inlet Mach number of 0.77.
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Figure 3.65: Harmonic content (n=1 to 17) of the total pressure distortion of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for actuation levels Cq = 0.0075 (top)
and Cq = 0.0098 (bottom), at an inlet Mach number of 0.77.
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Figure 3.66: Harmonic content (n=1 to 17) of the total pressure distortion of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for actuation levels Cq = 0 (top) and Cq
= 0.0105 (bottom), at an inlet Mach number of 0.30.
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Figure 3.67: Harmonic content (n=1 to 17) of the total pressure distortion of the S-duct with the
downstream always-deployed double streamwise-ejection actuator for actuation levels Cq = 0.0146 (top)
and Cq = 0.0191(bottom), at an inlet Mach number of 0.30.
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Figure 3.68: AIP total pressure recovery contours for the S-duct with the upstream skewed-ejection
actuators at an actuation level Cq=0, for the membrane-deployable version at an inlet Mach number of
0.77 (top) and the always-deployed version at an inlet Mach number of 0.73 (bottom) .
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Figure 3.69: AIP total pressure recovery contours for the S-duct with the upstream membrane-deployable
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure 3.70: AIP total pressure recovery contours for the S-duct with the upstream always-deployed
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.73.
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Figure 3.71: AIP total pressure recovery contours for the S-duct with the upstream always-deployed
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure 3.72: Schematic showing the effect of the skewed-ejection actuator for the low inlet Mach number
case. The cross-sectional area at the first bend, which is almost rectangular in shape just downstream of
the actuators, is drawn. Top figure shows the Cq = 0 case, middle figure shows moderate actuation, and
bottom figure shows over-actuation. The pair of twin-vortices is indicated in black, the arrows indicate the
jet ejection, and the boundary layer is shown in gray.
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Figure 3.73: Surface oil flow visualization images of the S-duct with the upstream always-deployed
skewed-ejection actuator, at an inlet Mach number of 0.30. Top and bottom rows give the upstream-view
and downstream-view (respectively) of the bottom wall, middle section of the S-duct. The images on the
left and right column are the unactuated (Cq = 0) and actuated (Cq = 0.0177) cases, respectively.
Illustrative streamlines have been superimposed on the images (white arrows) to help identify the direction
of flow.
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Figure 3.74: AIP circumferential distortion DPCPavg as a function of the actuation coefficient Cq for all
eight actuator variants, at the higher inlet Mach number condition.
Figure 3.75: AIP circumferential distortion DPCPavg as a function of the actuation coefficient Cq for all
eight actuator variants, at the lower inlet Mach number condition.
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Figure 3.76: AIP circumferential distortion DPCPmax as a function of the actuation coefficient Cq for all
eight actuator variants, at the higher inlet Mach number condition.
Figure 3.77: AIP circumferential distortion DPCPmax as a function of the actuation coefficient Cq for all
eight actuator variants, at the lower inlet Mach number condition.
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Figure 3.78: AIP radial distortion IDRmax as a function of the actuation coefficient Cq for all eight
actuator variants, at the higher inlet Mach number condition.
Figure 3.79: AIP radial distortion IDRmax as a function of the actuation coefficient Cq for all eight
actuator variants, at the lower inlet Mach number condition.
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Figure 3.80: AIP face average total pressure recovery PRavg as a function of the actuation coefficient Cq
for all eight actuator variants, at the higher inlet Mach number condition.
Figure 3.81: AIP face average total pressure recovery PRavg as a function of the actuation coefficient Cq
for all eight actuator variants, at the lower inlet Mach number condition.
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Figure 3.82: AIP total pressure distortion first harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the higher inlet Mach number condition.
Figure 3.83: AIP total pressure distortion second harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the higher inlet Mach number condition.
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Figure 3.84: AIP total pressure distortion third harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the higher inlet Mach number condition.
Figure 3.85: AIP total pressure distortion fourth harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the higher inlet Mach number condition.
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Figure 3.86: AIP total pressure distortion first harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the lower inlet Mach number condition.
Figure 3.87: AIP total pressure distortion second harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the lower inlet Mach number condition.
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Figure 3.88: AIP total pressure distortion third harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the lower inlet Mach number condition.
Figure 3.89: AIP total pressure distortion fourth harmonic coefficient as a function of the actuation
coefficient Cq for all eight actuator variants, at the lower inlet Mach number condition.
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Chapter 4
Localized Arc Filament Plasma
Actuator Active Flow Control
This chapter describes the study conducted to investigate the control authority of the active flow control
localized arc filament plasma actuators (LAFPAs) on boundary layers and flow separation over a Glauert-
Goldschmied wall-hump. The chapter starts with a description of the plasma-based actuator system de-
velopment, including the control electronics and the basic investigation of the first prototype. Challenges
encountered in working with the system and steps taken to overcome them are outlined. The specific flow-
field under investigation, the experimental facility, and the actuator development are described. The LAFPA
used for this investigation is a four-actuator quad-array (spanwise), and details of the design are given. The
diagnostic techniques employed to interrogate the flow and investigate the performance of the actuator are
documented. These techniques included electrical measurements of the actuator, schlieren imaging, surface
oil flow and tuft visualization, and particle image velocimetry (PIV). The results from the data obtained
are described in detail, and the performance of the LAFPAs is analyzed. The chapter concludes with a brief
summary of the investigation.
4.1 Plasma-Based Actuators
The basic phenomenon of a plasma-based actuator is the creation of a DC electric arc between an electrode
pair. One electrode of the pair is connected to ground, and a high DC voltage is provided to the other
electrode. Based on the ambient conditions and the separation between the two electrodes, at a certain
voltage the air-gap breaks-down and begins conducting (electrically), and a region of plasma is formed
between the electrodes. The voltage at which breakdown occurs between two conducting surfaces is governed
by the equation for Paschen’s law [186] as given below:
Vb =
B(pd)
C + ln pd
(4.1)
where p is the ambient pressure, d is the separation between the two conducting surfaces, and B and C
are constants, determined empirically for air as 365 Volts/(cm Torr) and 1.18 (for d in cm and p in Torr),
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respectively. For air at STP, the theoretical breakdown voltage value, for a 2 mm separation between
electrodes, is approximately 8 kV. In an application scenario, the actuator is usually embedded in a flow-
field where the static pressure is lower than STP. For this condition, breakdown occurs at a lower voltage.
When the plasma is formed between the electrodes, the temperature of the air in the region rises as heat
deposition occurs. This energy deposition, at a controllable wide range of frequency, is the basic proposed
mechanism of plasma-based actuators. Since this mechanism depends on the successful creation of controlled
arcs, primarily an electrical phenomenon, and subsequent deposition of the energy into the flow, working with
plasma-based actuators is challenging from both electrical and fluidic perspectives. This section presents
the electrical aspects of plasma-based actuators.
4.1.1 Systems and Electronics
The components of a single-actuator system are outlined in the schematic given in Fig. 4.1. Figure 4.2 shows
photographs of the plasma actuator power supply system and its components. A 10 kV DC, 1A power
supply system from Glassman High Voltage Inc. provides the high-voltage to the actuator system. Since
the power supply is capable of providing continuous 1 A DC current, it is used, in conjunction with a 1 nF
buffer capacitor (TDK Electronics FD-12AU, rated 15 kV), to provide power for more than one actuator
by ensuring that the cumulative time-averaged current drawn by the multi-actuator system is less than 1
A. The output of the power supply is connected to a ceramic ballast resistor with a resistance of 3.75 kΩ
(nominal). The ballast resistor(s) regulates the current through the arc. The resistor is connected to a
high-voltage MOSFET switch (BEHLKE HTS 101-03 HFS DLC IV). The switch is liquid-cooled with a
high-dielectric coolant, to protect leakage of the high voltage into the coolant plumbing system. The output
of the switch is connected to another ballast resistor, identical to the one between the high-voltage power
supply and the switch. The other terminal of this resistor is connected through wires to the high-voltage
electrode of the actuator. The other electrode is connected to ground through a dedicated ground wire.
When the high-voltage power supply is activated, the first ballast resistor floats at the set voltage when
the high-voltage switch is off. When the switch is activated, an electrical connection is established between
the high voltage electrode and the power supply through the two in-series ballast resistors. As the voltage
rises to the breakdown voltage, the DC arc between the two electrodes completes the circuit and allows
for current to flow through the system. Most of the power is drawn by the ballast resistors, and a small
percentage of the power is used by the actuator. By controlling the actuation frequency and the on-time
of the high-voltage switch, the device can be actuated as desired. The high-voltage switch can operate
continuously for a switching frequency range of 0 Hz to 40 kHz. For switching frequencies larger than 40
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kHz, and up to 3 MHz, the switch can be operated in a burst mode, with a maximum of 200 pulses per
burst, and a minimum of a 1 ms interval between two bursts.
The high-voltage switch is controlled by a function generator through a plasma controller circuit that was
designed and constructed specifically for this application. A schematic of this controller is given in Fig. 4.3.
The original schematic was developed by researchers at The Ohio State University [36], and was modified
by the author to add power and monitor functionalities. The input to the controller is a TTL (transistor-
transistor-logic) level signal generated by a function generator and transmitted via a BNC cable. The TTL
input is fed to an opto-coupler IC, that converts the input signal from electrical to optical with an internal
LED and back to an electrical output with an internal photodiode. This creates galvanic isolation between
the input and output sides of the controller circuit. This isolation, coupled with the galvanic isolation offered
by the HV switch between its control logic signal low-voltage side and output high-voltage side, creates a
two-level buffer between the user and the high-voltage. This ensures the safety of the user from exposure to
high-voltage while operating the switch through the controller. The output signal of the opto-coupler IC is
shaped to generate an input signal for the switch. The schematic in Fig. 4.3 gives details of the components
used for the signal conditioning circuit. This signal is also branched-off to a monitor connection, created
for troubleshooting purposes. The monitor connection must be kept disconnected under normal operation
to ensure that the isolation via the opto-coupler is not bypassed. The plasma controller is powered by a
5.5 V to 15 V DC power supply. The circuit creates a highly regulated 5 V supply line as required by the
high-voltage switch to power its internal semiconductor devices, as well as a regulated 15 V supply line
and an unregulated 85 V supply line required by the switch during high-frequency operation. The input
signal to the controller can be provided by any device capable of generating a TTL-level signal. This allows
for interfacing the system with computer-based control software, for instance LabVIEW, through a data
acquisition (DAQ) board capable of generating TTL-level digital outputs.
4.1.2 Electro-Magnetic Interference
The creation of high-frequency, high-voltage DC electric arcs leads to the emission of electro-magnetic
radiation into the surroundings [187]. This radiation interferes with other electrical and electronic devices and
causes electro-magnetic interference (EMI) noise issues. The EMI is broadband, with spectral components
from a few hundred Hz to well into the MHz range. The actuator system and the diagnostic equipment are
usually spread-out over the laboratory. Time synchronization and coordination of the equipment necessitate
the use of signal-carrying BNC cables. The electro-magnetic noise leads to creation of spikes and spurious
signals in the signal-carrying cables as well as equipment, often at voltage levels that match the TTL-level.
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For time-synchronized devices, these spurious signals can be misinterpreted as intentional triggers, leading
to mistiming. Continuous bombardment of the equipment with noise voltages and currents can also lead
to malfunctions. Such malfunctions were regularly observed in the keyboards, mice, computers, cameras
and other devices that were in the vicinity of the plasma actuators. At best, the EMI poses a challenge to
data acquisition; at worst, it leads to permanently damaging equipment and triggering unintended systems.
Hence, eliminating this EMI was essential for safe and successful experimentation.
The following list summarizes the measures recommended and undertaken to counter the EMI:
i. Vicinity: EMI obeys the inverse-square law, where the power intensity per unit area is inversely
proportional to the distance from the source. This leads to the first recommendation, that the dis-
tance between the diagnostic equipment and the plasma actuator should be maximized. This can be
achieved by appropriate positioning of the devices and the supporting equipment like power supplies
and controllers.
ii. Line length: The signal-carrying conductors act like receptor antennae to a wide range of EMI
frequencies. Minimizing the length of the BNC cables helps to reduce the noise voltage and current
generated in them.
iii. Faraday shields: A Faraday shield is a metallic shield that envelopes a device and protects it from
external EMI. The shield can either be a fine mesh, with the mesh spacing calculated based on the
frequency range of the EMI, or a solid continuous conductor. Building Faraday cages for the equipment
and signal-carrying cables ensures that the external EMI is reflected and does not interfere with the
signals. This technique was first attempted for the plasma-actuator system by using quad-shield BNC
cables with an inbuilt conducting sleeve around the signal cable. Due to lack of proper grounding,
this attempt proved largely ineffective at curbing the EMI. In the next phase, aluminum foil was used
to sheathe all cables, with an important modification - the sheaths were grounded at both ends to
provide a drain path for the radiation. This modification was quite successful in reducing the EMI
captured by the BNC lines. Further, equipment like cameras were enveloped by the aluminum foil
sheath and grounded to create a Faraday cage. This caging blocked the airflow of the cooling sections
of the equipment, and necessitated careful monitoring of the device temperature and regular shutdown
breaks to protect it from overheating.
iv. EMI/RFI suppressors: EMI/RFI suppressors, or ferrite beads, are placed at the end of a cable to
dampen the noise generated over its length. They are essentially inductors that offer high impedance
to high-frequency components of signals flowing through the cable. The EMI-induced sharp spikes in
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the cables are strongly attenuated by these ferrites, and the actual signals, which are in the low to
medium frequency range, pass unattenuated. Six to eight clamp-on ferrites manufactured by Laird-
Signal Integrity Products (part number: 28A2026-0A2) were placed on each end of all signal-carrying
cables. These ferrites proved highly useful in dampening the noise generated by the plasma actuators.
v. Trigger levels: Due to the timing synchronization requirements of most diagnostic devices, function
generators were used to create trigger signals for them. Occasionally, some devices were intentionally
triggered by phenomena like the plasma breakdown, or by other devices in daisy-chain fashion. The
function generators themselves were used in master-slave mode, with the master providing the timing
and trigger for the slave. Setting the trigger level as high as allowed by the TTL-signals decreased the
chances of the spurious noise spikes triggering the devices. This method was employed for multiple
devices, including slave function generators and oscilloscopes.
vi. Signal voltage level: TTL-level signals operate in a 0 V to 5 V range. Some function generators are
capable of generating signals at voltages much higher than the 5V TTL-levels (35 V for the Quantum
Composers 9514). A communication protocol that operated at higher voltages was created either by
using this functionality, or by amplifying the signals at their source. The signals were de-amplified
to TTL-levels at the device end by small, separate circuits. By operating the signals at much higher
voltages, the signal-to-noise ratio was increased, thereby reducing the effect of EMI on the signals. This
additional circuitry required EMI protection of its own, and hence this method, although successfully
tested and used for certain applications, was not implemented on a wide scale.
vii. Optical communication: Fiber optic communication employs electro-magnetic waves in the visible
spectrum, that travel via optical waveguides using the phenomenon of total internal reflection. The
approximate carrier frequency range of these signals is 400 THz (red) to 789 THz (violet), and the
EMI generated by electronic devices and electrical systems does not interfere with them. Using fiber
optic communication makes the system immune to EMI created by the plasma actuators. With this
goal in mind, an optical transmitter-receiver pair was designed and built to replace all long-distance
electronic communication. Figure 4.4 gives the schematic of a single channel transceiver pair. The
transmitter takes a TTL input signal, conditions it through logic gates and drivers and feeds it into
an optical transmitter IC - HFBR1528 (Avago Technologies). The optical transmitter IC converts the
electrical signal into an optical signal pulse-train with a fixed light frequency of 650 nm (red). The
optical signal is carried by a 1 mm (diameter) plastic optical fiber (POF) cable, over to the receiver
circuit. The receiver circuit has an optical receptor IC - HFBR2528 (Avago Technologies) - that
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converts the optical signal into electrical, which is further conditioned to generate a corresponding
TTL output. This signal can be transmitted without appreciable attenuation over distances as large
as 50 m, with the 1 mm POF. The time delay introduced by the device is very low, approximately
18 ns (the primary source of the delay is the electronics involved, as the time delay for the optical
signal to travel the length of the cable is negligible). The operating range of this transceiver is DC
to 10 MBd. Two variants of this optical transceiver were created. The first variant was a single
channel transceiver with BNC connectors for both input and output TTL signals. The second variant
was designed to interface directly with a four-actuator system. The transmitter was essentially an
expansion of the single channel variant. The receiver had further modifications to condition the signal
and create the input for the high-voltage switches, along with the regulated 5 V DC power line required
by the switches. The second variant served a dual purpose; it allowed the operation of the LAFPA
quad-array in out-of-phase modes without any cross-talk due to the EMI elimination. Secondly, since
the plastic optic fiber has no electrical connection between the two ends, it ensured that the user was
protected from the high voltage system by the optically-interfaced galvanic isolation. This circuit also
offered a form factor advantage, since it is much smaller in size than the controller.
It has been observed that the plasma created by the first pulse releases the strongest EM radiation. This
has been attributed qualitatively to the relative difficulty in achieving breakdown. It is reasoned, purely
based on observation, that with subsequent pulses, the electrodes and the air between them heats up, and
potentially the ion channel created by the previous arc is not dissipated completely, leading to slightly easier
successive breakdowns. This reason also explains the higher observed noise issues at low frequencies. An
“accumulation” of charge effect was also observed occasionally, with unprotected systems in noisy conditions
deteriorating with increasing number of pulses until malfunction. Devices communicating via USB signals
seemed particularly sensitive to the EMI.
The measures and recommendations outlined above were employed in various combinations, and enabled
the acquisition of data that was hitherto impossible - for instance acquiring PIV images for a wide range
of frequency (100 Hz to 100 kHz) with the camera placed just a few inches away from the plasma. The
recommendation list provided above outlines a proper protocol to be followed while designing an experiment
or a facility setup with plasma actuators, to ensure successful data acquisition, EMI notwithstanding.
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4.2 Experimental Setup and Actuator Design
4.2.1 Wind Tunnel Facility and Glauert-Goldschmied Wall-Hump Insert
A blow-down wind tunnel facility, installed in the Mechanical Engineering Laboratory at the University
of Illinois, was used for this study. Figure 4.5 shows a photograph of this facility. It was designed and
constructed by Taylor Swanson in 2006, and full details are documented in his Master’s thesis [188]. A brief
description of the facility follows. The facility in its original form is a supersonic wind tunnel, driven by a
140 m3 compressed-air tank farm. An Ingersoll-Rand compressor with a volumetric flow rate of 34 m3/min is
operated to pressurize the tanks to approximately 130 psia. The air is plumbed to the wind-tunnel through
pipes. A computer-controlled Fisher TL 101 Process Controller pneumatic valve is used to control the flow
of air. Further downstream, a manual gate valve is used as a relatively sensitive control device, for small
adjustments to the flow. Downstream of the manual valve, air travels through a circular pipe into a settling
chamber. Honeycomb filters and screens are installed in the settling chamber to reduce the turbulence of the
incoming flow and straighten it. The flow encounters a contraction section followed by a slightly converging
ramp that was designed and constructed to further accelerate the flow and to match the dimensions of the
test section. The test section entrance has a square cross-sectional area of 63.5 mm × 63.5 mm. The test
section has windows on the two sides and the top to allow optical access for diagnostics. Downstream of
the test section, the flow enters a horizontal diffuser section, approximately 91.4 cm long with a 2.5◦ total
(diverging) angle. The diffuser connects with a vertical exhaust pipe, which allows the air to exit to the
ambient after passing through a silencer.
Roughness-strips were glued to the side-walls and the bottom wall upstream of the test section, to enforce
transition from laminar to turbulent boundary layer flow. While three flow conditions were studied, for
freestream Mach numbers of 0.1, 0.3 and 0.7, the flow condition studied in most detail is the Mach 0.1 flow.
At that freestream value, the incoming flow was interrogated using PIV to determine the boundary layer
characteristics and the incoming flow condition. Table 4.1 gives the incoming flow details for the Mach 0.1
flow.
The objectives of this investigation were to study the effect of the LAFPAs on a boundary layer and its
control authority on separated flows. One of the simplest geometries over which flow undergoes separation is
a ramp diffuser. A ramp diffuser with an eight degree angle was constructed and installed in the wind-tunnel.
Surface oil flow visualization was performed on the ramp, to study the baseline flow-field. Massive side-wall
effects were observed due to the short span (2.5 in.) of the wind tunnel test section. These side-wall effects
dominated the flow-field as opposed to the flow separation. Also, the separation point moved upstream with
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Parameter Value
Mach number 0.1
Stagnation pressure 14.802 psia
Test section wall-static pressure 14.697 psia
Velocity 35.1 m/s
Stagnation temperature 301.15 K
Boundary layer thickness δ99 7.5 mm
Table 4.1: Incoming flow characteristics.
increasing Mach number. A flow-field with a geometry-defined separation point that was relatively invariant
with the flow conditions was desirable as a good baseline. Since one of the primary goals of the study was
to study the effect of LAFPAs on separated flow, it was desired that the separation be the dominant flow
feature, and not the side-wall effects. With this goal in mind, it was decided to make the separation stronger
and well defined by increasing the geometry-defined adverse pressure gradient.
The Glauert-Goldschmied wall-hump model offered such a geometry, with the separation point fairly well
defined at the knee of the diverging part. It is a well-studied canonical geometry and flow-field, as described
earlier. It had already been used for validating the pneumatic actuators (PEDAs). The design was modified
to utilize the diverging part, which begins at approximately two-thirds of the bump chord length. The
upstream end of the diverging part was connected to the flat bottom wall of the test section entrance by a
very short continuous section. The coordinates of the ramp geometry are detailed in Appendix A. Figure
4.6 shows the profile of the Glauert-Goldschmied ramp, along with the connecting section and the flat test
section entrance. Due to the presence of the ramp, the cross-sectional area increases from 40.32 cm2 to
54.94 cm2. The ramp is followed by a flat section which guides the flow into the horizontal diffuser of the
wind-tunnel. Figure 4.7 shows a CAD schematic of the test section with the Glauert-Goldschmied ramp
embedded inside it.
4.2.2 LAFPA Quad-Array
The LAFPA quad-array was designed to make it a stand-alone device that can be used for multiple applica-
tions. For this application, it is embedded upstream of the Glauert-Goldschmied ramp, as shown in Fig. 4.7.
Figure 4.8 shows a photograph of the LAFPA quad-array. Figures 4.9 and 4.10 show CAD schematics of the
LAFPA quad-array. The device is composed of three parts - the bottom part, the top part and the insert
(Fig. 4.9). The top part was machined from aluminum metal for structural strength, and housed the other
pieces. The bottom part was fabricated using the rapid-prototyping method of stereo-lithography (SLA).
The insert was machined from a ceramic material - boron nitride (BN) - and was sandwiched between the top
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and bottom pieces. Boron nitride offers electrical insulation against the high-voltage of the arc and has the
ability to resist the high temperatures generated by the plasma. Four cavities (5.84 mm X 1.78 mm X 1.78
mm each) were machined into the BN insert, with two holes per cavity to embed the electrode pairs (Fig.
4.9d). Two electrodes were inserted into each cavity at an angle of 15◦ to the cavity bottom-wall normal,
with a 30◦ total angle between them (Fig. 4.10). This was done to ensure that the tips of the electrodes
were closer to each other than at any other points, and hence the breakdown occurred inside the cavity and
not anywhere else. Considering the angle and the points of insertion, the effective separation between the
two electrodes was approximately 2.5 mm. The bottom SLA piece has a grid-like structure that created an
individual chamber for each electrode. The resin (WaterClear Ultra 10122 by DSM Somos) used for the SLA
fabrication had a high dielectric strength of about 15 kV/mm, and hence the grid-like structure insulated
the electrodes from each other as well as from other metallic parts of the wind-tunnel facility. Crimp-on
connectors were used to connect the electrodes to insulated wires, which were fed from underneath the
bottom piece. These wires were connected to the cart housing the LAFPA-driving electronics and electrical
components described earlier in section 4.1.1. Detailed drawings and dimensions of the LAFPA quad-array
can be found in Appendix F.
4.3 Diagnostic Techniques
4.3.1 Pressure Measurements
The flow conditions were quantified by performing pressure measurements. A wall static pressure tap
was embedded on the top wall, at the inlet of the test section, to measure the wall-static pressure of the
freestream. A total pressure probe was embedded in the stagnation chamber to measure the total pressure
of the flow. The pressures from the two locations were relayed via tubes to a pressure acquisition module,
Netscanner Model 9116 by Esterline Pressure Systems, that communicates with a computer through the
pressure distribution system, Model 91FC, via Ethernet. The pressure transducers in the acquisition module
used to measure the static and total pressures can record a range of ±5 psid, with an accuracy of ±0.025
psi. The data acquisition was done by a LabVIEW program.
4.3.2 Electrical Measurements
Voltage and current measurements were performed to calculate the power drawn by the actuator. The voltage
was measured by an Agilent Technologies N2771A 15 kV high-voltage probe, with an input to output voltage
step-down ratio of 1000:1, and a bandwidth of 50 MHz. These high bandwidth measurement devices allow
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for accurate measurement of the transients. The current was measured by a Pearson model number 4100
slip-on current probe, with a 1 Volt/Ampere sensitivity, an accuracy of +1/−0%, a droop rate of 0.009%/ms
and a bandwidth of 35 MHz. The measurements were acquired by a four-channel Pico Technology Picoscope
(model 4424), with 12-bit resolution, ±1% DC voltage accuracy and 20 MHz bandwidth.
4.3.3 Schlieren Imaging
A z-type configuration schlieren setup was used for viewing the second gradient of density, highlighting
features like shocks, Mach waves and heated plumes. Figure 4.11 shows a schematic of the schlieren setup.
A Xenon Corp. M-437B Nanopulser light source, with an approximate spark duration of 20 ns, was used. A
19.05 cm (7.5”) diameter parabolic mirror with a focal length of 161.61 cm (63.625”) was used to collimate
the light beam, and after the beam passed through the test section, an identical mirror focused the light
back to a point, after reflecting off a smaller flat mirror with a diameter of 7.62 cm (3”). A knife-edge was
positioned at the waist of the focused beam, to block approximately half the light. A Cooke Corporation
PCO.1600 CCD camera and a Nikon Nikkor 70 mm - 210 mm, 1:4-5.6 D lens were used to capture the image.
Berkeley Nucleonics Corporation 565 and Quantum Composers 9514 pulse generators were used to provide
the trigger and timing. A Thorlabs DET 210 photodiode was used to detect the light spark initiation for
time synchronization. Figure 4.12 shows a schematic of the timing control and data acquisition setup used
for the schlieren imaging.
4.3.4 Surface Oil Flow Visualization
Surface oil flow visualization was performed with titanium oil suspended in 5W-30 motor oil. Fig. 4.13
shows a schematic view of the surface flow visualization setup. A Mightex CCE-C013-U camera with a
Nikon Nikkor 28mm f/2.8D lens was used to record images of the flow visualization at a frame rate of four
to seven frames per second. The oil was not painted evenly onto the test surface, but rather a matrix of
dots was painted. This method allows for identification of flow separation and reattachment as well as other
features more clearly.
4.3.5 Yarn Tufting
Tufting is a flow visualization method in which small pieces of yarn, called “tufts”, are attached to the test
section wall(s) by gluing/ taping the upstream end of the pieces. The tufts flow in the direction of the local
velocity, and thus indicate the local velocity vector direction. In this experiment, white yarn tufts were
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glued to the bottom wall of the test section. The same imaging setup that was used for the surface oil flow
visualization was used for imaging the tufts.
4.3.6 Particle Image Velocimetry
Two-dimensional PIV measurements were conducted to obtain quantitative planar velocity field data. A
Concept Engineering Ltd. Smoke Systems ViCount 1300 Aerosol System that produces smoke oil particles
about 0.20-0.25 microns in diameter was used for seeding. The seed particles were first fed into a large
settling vessel connected to the wind tunnel via a small pipe, at the manual valve station. Simultaneously,
pressurized air was fed into the vessel to force the seed particles into the flow. A Q-switched dual-head
New Wave Nd:YAG laser with 532 nm wavelength, approximately 90 mJ laser light output was used to
illuminate the particles. Optical lens and mirror systems were used to shape the laser beam into a light
sheet perpendicular to the bottom wall of the test section. Figure 4.14 gives a schematic of the setup, and Fig.
4.15 illustrates the locations of the laser sheet for different segments of the investigation. For the investigation
of the boundary layer and the separation, the sheet was aligned between the two electrodes of the second
actuator of the quad-array (sheets 1 and 2, respectively). For the investigation of the recirculation region,
the sheet was aligned along the spanwise centerline of the tunnel (sheet 3), which bisected the spanwise gap
between the two innermost actuators. The time interval between the two laser pulses per image-pair was
set within a range of 3 ms to 37 ms in order to yield a reasonable particle image displacement for a given
camera magnification and flow speed. A PCO.1600 charge-coupled device (CCD) camera manufactured by
Cooke Corporation was used with an image size of 1600×1200 pixels. Berkeley Nucleonics Corporation 565,
Stanford Research Systems DG 535 and Quantum Composers 9514 pulse generators were used to provide
the triggering and timing. Figures 4.16 and 4.17 show schematics of the timing control and data acquisition
setups used for PIV, for actuation frequency ranges of DC to 40 kHz and 40 kHz to 100 kHz, respectively.
The software DaVis developed by LaVision GmbH was used to process the image pairs to yield the velocity
field vectors. Multi-pass processing with decreasing window size and 50% overlap was performed by the
software, starting with six passes at a square window size of 64 pixels X 64 pixels, and ending with two
passes at a window size of 16 pixels X 16 pixels with an adaptive Gaussian weighting function. A numerical
filter of a minimum correlation (Q) threshold of 1.5 was used. Using the approach outlined in [178], the
maximum uncertainty in the velocity vectors was estimated to be under 1% of the freestream value.
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4.4 LAFPA Flow Control Results and Analysis
Preliminary investigation of a single LAFPA in quiescent conditions was performed through emission imaging,
electrical measurements, schlieren imaging, emission spectroscopy and particle image velocimetry. This
research was conducted by this author in collaboration with Bradley DeBlauw and Eli Lazar, then doctoral
co-candidates at the University of Illinois. These findings are briefly summarized in this paragraph, since
the results have been documented in detail in a conference-proceeding co-authored by this author [50] as
well as in the dissertations by Lazar [49] (pp. 106-114) and DeBlauw [54] (pp. 43-46). Further, DeBlauw
conducted refined and more accurate particle image velocimetry measurements on the same setup as well
as intensified emission imaging. Hence, the PIV results in this summary refers to those obtained and
documented in [54] (pp. 46-65). Also, further investigation using spectroscopy conducted by Brad Sanders
at Illinois is documented in his Master’s thesis [189].
Emission imaging indicated that the plasma forms between the electrodes across two points at which the
electrodes are closest to each other (Fig. 4.18). The arc had considerable spatial repeatability, although occa-
sional filaments were observed over a different path. Electrical measurements showed a negative impedance
characteristic of the arc, with an inverse proportionality between the voltage across the arc and the current
through it (Fig. 4.19). The power drawn by the arc ranged from 50 W to 120 W, with the maximum observed
at 300-400 mA current through it. The voltage across the arc as well as the breakdown voltage increased
with the separation between the electrodes, in agreement with Paschen’s law. Schlieren imaging showed the
presence of the heated plume ejecting out of the cavity as well as the blast wave created during the instant
of arc-formation (Fig. 4.20). The plume was observed to be directional, with the direction depending on
the cavity angle, but invariant with the direction of the electrodes. Emission spectroscopy indicated that
the rotational and vibrational temperatures of the plasma arc were in the range of 600 K to 800 K and
approximately 1500 K, respectively [50]. PIV data showed the presence of the jet ejecting from the cavity
as well as the process of fluid-refilling that begins after the ejection is complete. Jet velocities as high as 45
m/s were observed at the mouth of the cavity, for small time delays after actuation [54]. The jet strength
dropped rapidly with distance, with the highest velocity of about 10 m/s observed at a distance of 2 mm
from the cavity mouth.
After the preliminary study was complete, the LAFPA quad-array was investigated by the author. The
results obtained through this investigation are documented in the following sections.
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4.4.1 Electrical Measurements
Figure 4.21 plots the control input signal, the voltage across the electrodes, the current through the arc, and
the power drawn by the actuator for a single actuation pulse. The frequency of actuation is 10 kHz, and the
on-time is 10 ms, corresponding to a 10 % duty cycle. The power supply was maintained at 7.7 kV, to yield
a nominal current of 1 A through the two 3.75 kΩ ballast resistors. The average measured actuator voltage,
current and power are 80 V, 0.95 A, and 76 W, respectively. In the figure, the electro-magnetic interference
generated at the instant of arc-formation is visible at approximately 1 ms. As the high-voltage switch receives
the control signal, it allows the voltage to reach the electrode. The voltage takes a finite amount of rise-time
to reflect across the electrodes. This time depends on multiple factors, including the delay in the controller
and switch electronics, the ballast resistance value, the inductance of the resistor and the wire connecting it
to the electrode and the capacitance of the air-gap. In general, shorter and un-looped wire lengths lead to
shorter rise-times. Reducing the electrode separation or reducing the ambient pressure allows the breakdown
to happen at a lower voltage, thereby reducing the delay. Table 4.2 tabulates the frequency, on-time, duty
cycle and the measured average breakdown voltage and delay for the actuator in a Mach 0.1 flow. It must
be noted that for frequencies equal to and larger than 40 kHz, the LAFPAs were operated in the burst mode
of 200 pulses per 2 milliseconds as described earlier in section 4.1.1. The breakdown delay lies between
0.5 ms and 1 ms. The breakdown voltage ranges from 3.5 kV to 6.7 kV, based on the actuation frequency.
Due to the residual ions and heating between two pulses, the air breaks down more easily as the frequency
increases and the breakdown voltage and delay decrease. For frequencies higher than 10 kHz, the breakdown
voltage and delay were observed to increase with frequency, potentially due to the reduced on-time. This
could potentially be due to the reduced actual on-time and plasma duty cycle, leading to lower heating and
residual ionization.
4.4.2 Schlieren Imaging
Figures 4.22 and 4.23 show the average schlieren images for the LAFPA quad-array at 100 Hz actuation
frequency and 20 ms plasma on-time, for different time delays from the actuation control signal. The actuators
are pulsed in phase, and each image in the figure is an average of 100 images captured at the same time delay.
The blast waves (one primary wave and secondary reflections per actuator) can be clearly observed standing
at a distance from the actuator array base. By measuring the distance each blast wave moves radially
outward between two images at different time delays, the average speed of the blast wave is calculated as
approximately 350 m/s (Fig. 4.24). This indicates that the blast wave is a weak Mach wave traveling at
approximately the speed of sound (Mach 1). The intersection of multiple blast waves is also visible in the
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Frequency Duty cycle On-time Breakdown Duty cycle Breakdown
(control) (control) delay (plasma) voltage
Hz % ms ms % kV
100 0.2 20 1 0.19 4.5
500 1 20 0.95 0.95 4.5
800 1.6 20 0.925 1.53 4.5
1,000 2 20 0.825 1.92 4.5
2,000 4 20 0.6 3.88 3.9
4,000 8 20 0.5 7.8 3.9
5,000 10 20 0.5 9.75 3.5
10,000 10 10 0.55 9.45 3.9
20,000 10 5 0.775 8.45 4.5
25,000 10 4 0.775 8.06 4.5
33,333 10 3 0.825 7.25 4.5
40,000 8 2 0.85 4.6 6
50,000 7.5 1.5 0.875 3.13 6.7
66,666 10 1.5 0.875 4.17 6.7
100,000 10 1 0.85 1.5 6.2
Table 4.2: LAFPA breakdown characteristics.
images for the time delays larger than 20 ms. As multiple arcs elevate the temperature of an electrode pair,
a hot gas plume develops and ejects out of each actuator cavity. In the images with later delay times (≥ 80
ms), the development of the heated plumes can be observed very close to the actuators. The plumes are
more discernible in the schlieren images for an actuation frequency of 1 kHz and a plasma on-time of 20 ms
(Fig. 4.25). In these images, the heated plumes as well as the blast waves are visible. The plumes dominate
the images for the 5 kHz actuation frequency, 20 ms plasma on-time case (Fig. 4.26), and the blast waves
are barely discernible. As the plasma on-time is kept constant, increasing the actuation frequency decreases
the time interval between two pulses. This in turn decreases the amount of time for which the boron nitride
and the electrodes can cool after each arc formation. This leads to stronger continuous plumes, as observed
in the schlieren images.
4.4.3 Surface Flow Visualization
Surface flow visualization was chosen as the first diagnostic technique to study the flow-field. This technique
is much simpler than PIV, and although it requires less equipment, it highlights the global structures in
the flow. This technique was used to make an attempt at finding the actuation frequency range of the
LAFPAs for which the global flow-field shows an effect. For the surface oil flow visualization, the dot-matrix
method was employed to paint the bottom wall, over the Glauert-Goldschmied diffusive ramp and further
downstream. Care was taken to ensure that the region near the actuator is kept free of oil. Surface oil flow
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visualization was performed for freestream Mach numbers of M = 0.3 and M = 0.7. Figure 4.27a shows a
static image of the oil flow visualization at M = 0.3, with the LAFPAs deactivated. Figure 4.27b shows
illustrative streamlines of the same flow-field, with the flow features highlighted. The flow separates at the
upstream edge of the ramp, as can be observed by the movement of the oil in the upstream direction as
diffusion begins, and subsequent accumulation of oil on the edge. The flow over the ramp is symmetric,
with the vertical plane of symmetry passing through the spanwise centerline. Two spiral vortex foci can
be observed, due to the combined effect of the side-walls and area diffusion. The reattachment node can
be observed further downstream, as indicated by the movement of the oil in the downstream direction.
Oil flow visualization was then performed for actuation frequencies of 100 Hz, 500 Hz, 800 Hz, 1 kHz, 1.5
kHz, 2 kHz, 2.5 kHz, 5 kHz, 10 kHz, to 20 kHz for all actuators in-phase. While theoretical analysis of the
potential instability range for the actuation frequency was performed using the incoming boundary layer data
generated by particle image velocimetry as described later in Section 4.4.4.1, a very wide range of frequencies
was investigated using surface oil flow visualization to find a potential instability range experimentally. Also,
out-of-phase actuation modes were studied at an actuation frequency of 1 kHz, in which the four actuators
of the LAFPA quad-array were pulsed in an out-of-phase pattern. Table 4.3 gives the phasing details of the
different modes studied.
Mode (actuator pulsing sequence) Actuator 1 Actuator 2 Actuator 3 Actuator 4
1→ 2→ 3→ 4→ 1→ 2→ 3→ 4 · · · 0◦ 90◦ 180◦ 270◦
4→ 3→ 2→ 1→ 4→ 3→ 2→ 1 · · · 270◦ 180◦ 90◦ 0◦◦
1, 2→ 3, 4→ 1, 2→ 3, 4 · · · 0◦ 0◦ 180◦ 180◦
1→ 2→ 3→ 4→ 3→ 2→ 1→ 2 · · · 0◦ 60◦/300◦ 120◦/240◦ 180◦
Table 4.3: LAFPA breakdown characteristics.
No obvious global change in the flow-field was observed at any of the investigated frequencies or modes.
The oil flow visualization also was performed at a higher Mach number of M=0.7, and flow features similar
to the M=0.3 case were observed. Due to the higher velocities, the movement of the oil was much more
vigorous, and the presence of the recirculation region led to splatters of oil back onto the actuators. It was
important to protect the actuators from contact with oil, in part due to the presence of the high voltage
arcs, and also due to the potential problems that oil flowing into the electrode cavities might create. Hence,
further investigation of the M=0.7 flow condition with surface oil flow visualization was suspended.
Surface oil flow visualization was attempted at the M=0.1 freestream condition using the dot-matrix
method, but the flow separation and the recirculation zone over the ramp led to low velocities in the region.
The low velocities were unable to overcome the surface tension of each individual oil drop, and no effective
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movement could be observed. The viscosity was lowered by replacing the motor oil with WD-40 as the
carrier. The low viscosity liquid was unable to form distinct dots, and effectively led to an even coat of
liquid on the bottom wall. The individual flow-features could not be discerned with the even coat. Hence,
yarn tufts were used in place of oil for surface flow visualization in this case. Figure 4.27c shows a static image
of the tufts at a freestream Mach number of M=0.1. By acquiring multiple sequential images, the movement
of the yarn tufts could be observed. The tufts closer to the edge of the ramp were fairly static, indicating the
presence of a low velocity recirculation region. The tufts further downstream showed a tendency of moving
in the upstream direction, indicating a region of reverse flow. Further downstream, the tufts fluttered in the
downstream direction, indicating reattachment. Multiple LAFPA actuation frequencies were studied within
a range of 100 Hz to 20 kHz, but no appreciable change in the tufts was observed, in part due to their
stiffness.
4.4.4 Particle Image Velocimetry
The surface oil flow visualization showed that the wide range of actuation frequencies as well as modes
tested did not alter the recirculation region appreciably. It also highlighted the complexities of the flow –
the massive side-wall effects and vortices. The primary source of these complexities was the small span of
the wind tunnel test section. Also, due to these strong flow-features and the presence of electric arcs in the
LAFPA quad-array, oil flow visualization was not used to study the effect of the actuator on the boundary
layer. The primary goal of this fundamental investigation was to study and quantify the effect of LAFPAs
on boundary layers, potentially for use as control mechanisms in flow-fields. Since PIV is comparatively less
invasive than oil flow visualization, it allows for measurements close to the actuators. Also, the diagnostic
yields high resolution measurements of the velocity vector-field, capturing the effects of the actuators in
great detail.
PIV measurements were acquired at two freestream conditions, Mach 0.1 and Mach 0.3. The seeder
used for this investigation creates seed particles from high temperature vaporized mineral oil. As this
seed encountered the lower temperature freestream, it condenses over the length of the wind tunnel. The
condensation moves downstream and flows through the test section. For freestream Mach numbers of 0.3
and higher, considerable condensation was observed. Further, due to the presence of the recirculation region,
the oil would get trapped and flow in the vicinity of the actuators. Since this was an unsafe condition, most
of the data were acquired at the lower freestream Mach number of 0.1. Hence, all discussion to follow in this
section pertains to the results obtained at the latter flow condition.
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4.4.4.1 Incoming Boundary Layer and Instability
PIV measurements were performed upstream of the ramp, at a freestream Mach number of 0.1, to determine
the incoming boundary layer characteristics. The image size is 33.5 mm × 13.6 mm, and the field-of-view
begins just upstream of the actuator and ends just downstream of the ramp edge. Since the roughness-strips
upstream of the test section enforce transition to turbulence, the mean velocity profile was calculated from
291 PIV image pairs, with the additional constraint that each location had a minimum of 100 good vectors
for averaging. Color contour plots of the mean streamwise u-velocity and transverse v-velocity components
are given in Fig. 4.28. The v-velocity plot is largely uniform at an approximately zero magnitude; thus,
essentially all velocity vectors are pointed in the downstream direction. The u-velocity color contours show
the boundary layer profile, where the magnitude increases with the distance from the bottom wall until it
reaches the freestream. The boundary layer profile fit method outlined by Sun and Childs [190] was applied
on this measured profile to generate the complete boundary layer profile. Figure 4.29 plots the profiles in
the non-dimensionalized outer-coordinate (u/uinf vs. y/δ99) and the dimensionless wall coordinate (u
+ vs.
y+) forms. Due to the bottom wall glare, the row of good vectors nearest to the bottom wall is at a y+
of 100. The boundary layer characteristics are tabulated in Table 4.4. The values calculated are typical of
turbulent boundary layers [191,192] (except the shape factor, which is slightly higher than the typical value
of 1.3).
Parameter Variable Value
Boundary layer thickness δ99 7.5 mm
Displacement thickness δ∗ 1.19 mm
Momentum thickness θ 0.849 mm
Shape factor H 1.4
Skin friction coefficient Cf 0.0034
Cole’s wake-strength Π 0.574
Friction velocity tw 3.55 m/s
Table 4.4: Incoming boundary layer characteristics.
The stability of boundary layers is investigated by the Orr-Sommerfeld equation, reproduced below from
[191].
(U∗ − c∗)(φ′′ − α2δφ)− U∗′′φ+
i
αδReδ
(φ′′′′ − 2α2δφ′′ + α4δφ) = 0 (4.2)
where φ =
v
Ue
, U∗ =
U
Ue
, c∗ =
c
Ue
, αδ = αδ , Reδ =
Ueδ
ν
, η =
y
δ
(4.3)
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This linearized form of the disturbance equation is solved to find the eigenvalues. The eigenvalues can be
analyzed for the temporal and spatial stability of the equations. The unstable eigenvalues essentially provide
the range for which an infinitesimal spatial or temporal disturbance is naturally sustained and amplified by
the flow. Generating and amplifying instabilities in the flow can lead to desirable as well as undesirable
effects, based on the objective. For instance, in the case of forced laminar-turbulent transition, providing
a small disturbance in the instability range of a laminar boundary layer leads to the amplification of the
disturbance and subsequent development of Tollmien-Schlichting waves, vortices and turbulence. The Orr-
Sommerfeld eigenvalue problem has been numerically solved for multiple velocity profiles like the Blasius
profile, Falkner-Skan profiles, channel flows, etc. While the linear perturbation theory does not naturally
lend itself to the analysis of turbulent flow, extension of the Orr-Sommerfeld analysis has been attempted
for turbulent flows by considering the mean velocity profile of the turbulent flow. A brief numerical attempt
was made at finding the unstable eigenvalues of the turbulent mean velocity profile as measured by PIV
using a boundary layer linear stability code developed by Christopher Ostoich, a doctoral co-candidate at
Illinois [193], but no physical unstable eigenvalues were found. Hence, the stability curves for the Blasius
boundary layer profile (Fig. 4.30) were used for theoretical guidance to the approximate order of magnitude
of the required disturbance frequency. Based on the boundary layer displacement thickness calculated
above, the Reynolds number for this boundary layer was calculated as Reδ∗ = 2770. Using the “thumb
curve” that plots the spatial stability contours [191], the frequency range for which the boundary layer could
potentially be unstable for this Reδ∗ was calculated as approximately 500 Hz to 5 kHz. Since this was only
an approximation and effectively a theoretically suggested starting-point for the experimental investigation,
a larger frequency range of 100 Hz to 100 kHz was experimentally investigated. The following sections
document this investigation.
4.4.4.2 LAFPA Boundary Layer Perturbation
PIV measurements were obtained for the LAFPA quad-array operating in a flow-field, at a freestream Mach
number of 0.1, with the image window extending from just upstream of the actuators to just downstream
of the ramp edge. These data were acquired to observe the effect of actuation on the boundary layer before
it separates into a free shear layer. The PIV measurements were phase-locked with the plasma actuation,
with each image-pair acquired after a fixed time delay from the corresponding plasma control pulse. Time-
sequences were obtained by varying this delay time. Each data-set comprised 291 image pairs, leading
to 291 instantaneous vector-fields. Ensemble average quantities were calculated from the instantaneous
vector-fields, with the additional constraint that a minimum of 100 instantaneous vectors were required for
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averaging at each location to produce an average vector. The frequencies investigated and the time delays
for each frequency are presented in Table 4.5.
LAFPA frequency Duty cycle On-time Delay times
Hz % ms ms
500 1 20 20
800 1.6 20 20
1,000 2 20 10, 20, 30, 40, 60, 100, 200, 400, 600, 800, 1000
2,000 4 20 10, 20
5,000 10 20 10, 20, 40, 60, 80, 120, 160, 200
10,000 10 10 10, 20, 30, 40, 50, 60, 80, 100
25,000 10 4 20
33,333 10 3 20
Table 4.5: LAFPA frequency, duty cycles, on-time and time delays at which PIV data were acquired for a
freestream Mach number of M=0.1.
The duty cycle was limited to a maximum of 10 % for the 5 kHz actuation frequency and higher. This was
done to limit the average power deposited into the ballast resistors and to prevent them from overheating.
For the 5 kHz frequency and lower, the plasma on-time was restricted to 20 ms, and hence the duty cycle
decreased with decreasing frequency, to the lowest studied value of 1 % for the 500 Hz actuation frequency.
For the first series of data-sets acquired, all frequencies tabulated in Table 4.5 were investigated at a constant
acquisition time delay of 20 ms from the LAFPA control signal. The PIV image-pairs were acquired at a
frequency of 5 frames per second, from a continuous stream of LAFPA pulses. While the delay was set at 20
ms after the control signal for the recent-most pulse, the image-pairs simultaneously contained information
for larger delay times from previous pulses. For instance, a 5 kHz actuation frequency implies that LAFPA
pulses occur every 200 ms. For a PIV image-pair acquired after a delay of 20 ms from the nth pulse, the
image-pair also captures the effect of the (n-1)st, (n-2)nd, . . . , pulse after a delay of 220 ms, 420 ms, . . . ,
respectively. For a freestream velocity of approximately 35 m/s (Mach number of 0.1), let us assume that
any perturbations in the boundary layer will travel at approximately 75% of the freestream velocity, i.e.,
at approximately 26 m/s. The distance between the downstream end of the PIV image window and the
actuator location is 31.5 mm. Any sustained disturbance originating at the actuator location would travel
to the end of the PIV image window, at an assumed speed of 26 m/s, in approximately 1200 ms. Table 4.6
tabulates the multiple delay times for which information is acquired in a single PIV image-pair, for a base
delay at different frequencies investigated.
After the frequency variation study at a constant delay of 20 ms, a time delay of 10 ms was investigated at
actuation frequencies of 1 kHz, 2 kHz, 5 kHz and 10 kHz, to capture the jet ejecting from the LAFPA cavity.
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Based on the results obtained in the frequency variation study, multiple time delays were investigated at three
frequencies - 1 kHz, 5 kHz and 10 kHz to study the streamwise extent and progression of the perturbation
effect. For the 10 kHz actuation frequency, time delays of 10 ms, 20 ms, 30 ms, 40 ms, 60 ms, 80 ms and 100 ms
were investigated. The same phase distribution for the corresponding time period was maintained for the
other two frequencies in choosing the time delays (5 kHz: 20 ms, 40 ms, 60 ms, 80 ms, 120 ms, 160 ms and 200
ms and 1 kHz: 100 ms, 200 ms, 300 ms, 400 ms, 600 ms, 800 ms and 1000 ms). Since the time delays chosen for
the 1 kHz frequency in order to maintain the phase were an order of magnitude larger than those chosen for
the 10 kHz frequency, the 1 kHz frequency was further studied at time delays of 10 ms, 20 ms, 30 ms, 40 ms,
and 60 ms.
LAFPA
frequency
Time
period
Base delay times Sequential delay times
Hz ms ms ms
500 2000 20 -
800 1250 20 1270
1,000 1000 10, 20, . . . , 60, 100, 200, 400, . . . , 1000 1010, 1020, 1030, 1040, 1060, 1100,
1200
2,000 500 10, 20 510, 520, 1010, 1020
5,000 200 10, 20, 40, 60, 80, 120, 160, 200 210, 220, 240, . . . , 400, 410, 420, 440,
. . .
10,000 100 10, 20, . . . , 60, 80, 100 110, 120, . . . , 160, 180, 200, 210, 220,
. . . , 260, 280, 300, 310, . . .
25,000 40 20 60, 100, 140, . . .
33,333 30 20 50, 80, 110, . . .
Table 4.6: Sequential time delays for which information is simultaneously obtained for a set base time
delay, for different frequencies at which PIV data were acquired, at a freestream Mach number of M=0.1.
Figure 4.31 shows color contour plots of the transverse v-velocity component, for all investigated frequen-
cies at a delay of 20 ms and at a freestream Mach number of 0.1. In the plots, the freestream flow is moving
from left to right. The cavity is located (centered) at the x=0 mm location, with the edges located at
x=±0.9 mm. The jet ejection is visible at the cavity location as a positive v-velocity region. A decrease
in the strength of the jet ejection is observed with an increase in the actuation frequency. This can be
attributed to multiple potential reasons. As the actuation frequency increases, sequential pulses occur with
smaller intervals. Due to the residual ions and heating between two pulses, the air breaks down more easily
as the frequency increases, and the the breakdown voltage decreases. For every pulse, after the jet ejection
is complete, a “refill” process begins [54,194], during which the air outside the cavity fills the cavity until the
next pulse initiates. As the interval between two successive pulses decreases, the cavity refill time decreases.
With less air available for ejection, the jet ejected by the following pulse is weaker. These are potential
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sources of the observed jet weakening trend with increasing frequency. This trend is further aggravated by
the reduction of the on-time with increasing frequency, done in order to limit the duty-cycle to 10%.
Figure 4.32 shows color contour plots of the streamwise u-velocity component, for all investigated frequen-
cies at a delay of 20 ms. The boundary layer perturbation created by the LAFPA is visible near the x=0
mm location. It can also be observed that the 33.3 kHz case is similar to the no-control, indicating that the
perturbation at this frequency is very weak. This again can be attributed to the same reasons described
above for the weakening of the jet with increasing frequency of actuation. A noticeable dip in the contours
is observed just downstream of the actuator for all frequencies except the 33.3 kHz, potentially indicating
thinning of the boundary layer. The strongest effect is observed from the contours for the frequency range
of 1 kHz to 10 kHz. This could be potentially be due to the fact that this frequency range has a higher duty
cycle than the lower frequencies on one hand, and larger refill time than the higher frequencies on the other
hand. Also, this frequency range is of the same order of magnitude as the instability range calculated from
the thumb-curves earlier.
Figure 4.33 shows line-plots of the two velocity components for all investigated frequencies at a delay of 20
ms. The no-control case is also plotted for comparison. In Fig. 4.33a, the v-velocity component (horizontal
axis of the plot), generated by the jet ejection, is plotted as a function of the wall-normal coordinate (vertical
axis of the plot), at the streamwise location x=0.03 mm (near-center of the cavity). The maximum velocity
is observed very close to the wall, at the lower actuation frequencies of 500 Hz and 800 Hz. Lower ejection
velocities were observed for the higher actuation frequencies of 1 kHz, 2 kHz, and 5 kHz. For actuation
frequencies of 10 kHz and 25 kHz, at 20 ms after the control signal, the LAFPAs are in the refill phase,
as can be inferred from the negative velocities observed near the cavity. No ejection is observed at the
highest frequency of 33.3 kHz. This plot quantifies the trend of weaker jet ejection with increasing actuation
frequency, the reasons behind which were described earlier.
In Fig. 4.33b, the v-velocity component (vertical axis of the plot), generated by the jet ejection, is plotted
as a function of the x-coordinate (horizontal axis of the plot), at a distance of y=0.89 mm above the
wall. This plot allows for a comparison of the width of the LAFPA jet ejection at different frequencies.
It can be observed that although the magnitude of the velocity peak varies roughly inversely with the
actuation frequency, the width of the jet is relatively invariant, at approximately 2.5 mm as measured at the
half-maximum (full-width half-maximum, or FWHM). This indicates that the cavity dimensions are very
important in determining the perturbation FWHM, since the ejecting fluid is bound by the cavity walls.
In Fig. 4.33c, the u-velocity component normalized by the freestream (vertical axis of the plot), is plotted
as a function of the x-coordinate (horizontal axis of the plot), at a distance of y=1.06 mm from the wall.
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The perturbation produced by the actuation is observed at all frequencies between the x=0 mm and x=10
mm locations. The largest streamwise extent of the perturbation is observed for the frequencies of 1 kHz, 2
kHz, 5 kHz and 10 kHz. The streamwise extent of the perturbations produced by the 500 Hz and 800 Hz
frequencies was lesser than the 1 kHz to 10 kHz range, although the amplitudes were the almost equal. The
perturbations created by frequencies higher than 10 kHz were weaker than all other frequencies. This can
be attributed to the reduced refill times as well as actual duty cycle, leading to lower jet ejection velocities
as observed earlier.
The boundary layer profiles are shown in Fig. 4.33d, with the u-velocity component normalized by the
freestream (horizontal axis of the plot), plotted as a function of the wall-normal coordinate (vertical axis
of the plot), at the streamwise location x=2.96 mm. In comparison with the no-control case, the boundary
layer is fuller for actuation frequencies of 1 kHz, 2 kHz, 5 kHz and 10 kHz, and is less full for the other
actuation frequencies, as can be noticed at the y≈5 mm location.
In order to make an attempt at capturing the maximum jet ejection velocity, an earlier time delay of 10
ms was investigated for actuation frequencies of 1 kHz, 2 kHz, 5 kHz and 10 kHz for the Mach 0.1 flow-field.
Figure 4.34 shows color contour plots of the u and v-velocity components, for all investigated frequencies at
a delay of 10 ms. The same actuation frequency-jet velocity trends as observed for the 20 ms delay case can
be observed in the v-velocity color contour plots, with the maximum observed ejection velocity decreasing
with increasing frequency. The perturbation, much closer to the cavity, can be observed in the u-velocity
color contour plots, which again suggests local thinning of the BL immediately downstream of the actuator.
Figure 4.35 shows line-plots of the two velocity components for all investigated frequencies at a delay of 10
ms. The no-control case is also plotted for comparison. In Fig. 4.35a, the v-velocity component (horizontal
axis of the plot), generated by the jet ejection, is plotted as a function of the wall-normal coordinate (vertical
axis of the plot), at the streamwise location x=0 mm (center of the cavity). The maximum observed velocity
is about 13.5 m/s, close to the wall at the lowest actuation frequency of 1 kHz. Lower ejection velocities were
observed with increasing actuation frequencies, but all actuators were in the ejection phase with positive
v-velocities. In Fig. 4.35b, the v-velocity component (vertical axis of the plot), generated by the jet ejection,
is plotted as a function of the x-coordinate (horizontal axis of the plot), at a distance of y=0.54 mm above
the wall. Again, it can be observed that, although the magnitude of the velocity peak varies inversely with
the actuation frequency, the width (FWHM) of the jet is relatively invariant, at approximately 2.5 mm. In
Fig. 4.35c, the u-velocity component normalized by the freestream (vertical axis of the plot), is plotted as a
function of the x-coordinate (horizontal axis of the plot), at a distance of y=0.72 mm above the wall. The
perturbation produced by the actuation is observed at all frequencies between the x=0 mm and x=5 mm
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locations. It can be observed that the streamwise extent of the perturbation is almost equal for all actuation
frequencies. The boundary layer profiles are shown in Fig. 4.35d, with the u-velocity component normalized
by the freestream (horizontal axis of the plot), plotted as a function of the wall-normal coordinate (vertical
axis of the plot), at the streamwise location x=2.96 mm. The effect of the actuation can be seen close to
the wall for all frequencies. The increase in boundary layer profile fullness close to the wall, downstream of
the actuator has the potential for enhancing the ability of the boundary layer to resist flow separation.
The 10 kHz actuation frequency was studied at multiple time delays to study the evolution of the pertur-
bation through the Mach 0.1 flow-field. For time delays larger than 60 ms, no substantial effect was observed
on the boundary layer. Figures 4.36 and 4.37 show color contour plots of the u and v-velocity components,
for an actuation frequency of 10 kHz, at time delays of 10 ms, 20 ms, 30 ms, 40 ms, 50 ms and 60 ms. In Fig.
4.36e, the jet ejection can be seen near the cavity at a delay of 10 ms. As the time delay increases, the
actuator enters the refilling phase and negative velocities can be observed close to the cavity (Figs. 4.36f-h).
A weak positive velocity region is visible, moving away from the cavity. This region is potentially the velocity
field induced by the actuation blast wave. For time delays larger than 40 ms, (Figs. 4.37c-d), the v-velocity
field is relatively uniform at v≈0. The perturbation created by the actuator in the boundary layer can be
observed in Figs. 4.36a-d and 4.37a-b. The perturbation can be observed moving downstream with time,
up to a time delay of 40 ms (Fig. 4.36d); for longer time delays the flow-field looks similar to the no-control
case.
Figure 4.38 shows line-plots of the v-velocity component for the 10 kHz actuation frequencies at multiple
delays, from 10 ms to 60 ms. The no-control case is also plotted for comparison. In Fig. 4.38a, the v-velocity
component (horizontal axis of the plot), generated by the jet ejection, is plotted as a function of the wall-
normal coordinate (vertical axis of the plot), at the streamwise location x=0.03 mm (near-center of the
cavity). The maximum velocity of about 10.4 m/s is observed at the 10 ms time delay very close to the wall.
As the time delay increases, the velocity near the wall alternates between positive and negative values, with
values of -2.4 m/s, -0.8 m/s, 2 m/s and 0 m/s for time delays of 20 ms, 30 ms, 40 ms and 50 ms, respectively.
The actuators enter the refilling stage after the ejection is complete, leading to the negative v-velocities
near the mouth of the cavity. In the quiescent LAFPA PIV analysis from [54] (pp. 52-53), a weaker upward
velocity was observed even after the initiation of the refill process, consistent with the observations presented
here, and the secondary ejection was attributed to potential buoyancy effects generated by the transfer of
heat from the electrodes and the walls of the cavity. In the schlieren images presented earlier, multiple weak
waves, due to reflections, were observed at time delays of 20 ms and larger (Fig. 4.22). The low positive
v-velocities observed at the mouth of the cavity at a delay of 40 ms could also be induced by the weak
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reflected waves. In Fig. 4.38b, the v-velocity component (vertical axis of the plot), generated by the jet
ejection, is plotted as a function of the x-coordinate (horizontal axis of the plot), at a distance of y=0.72
mm above the wall. This plot allows a comparison of the width of the LAFPA jet ejection at different time
delays. The width (FWHM) of the jet, measured at a delay of 10 ms is approximately 2.5 mm.
In Fig. 4.39, the u-velocity component normalized by the freestream (vertical axis of the plot), is plotted
as a function of the x-coordinate (horizontal axis of the plot), at distances of y=2.09 mm, 2.95 mm, 6.39
mm and 10.35 mm above the wall. At the location closest to the wall (Fig. 4.39a), a velocity “ripple” can
be observed progressing downstream with time, from 10 ms to 40 ms. By tracking the amplitude peak and
the distance it moves in the measurement intervals, the average streamwise speed of the perturbation is
calculated as approximately 380 m/s. Considering that the local velocity of the fluid will be added to the
feature that produces the perturbation, the velocity of the feature itself is inferred to be near the speed of
sound. Based on this observation, it can be concluded that the perturbation is produced by the blast wave
created by the actuator. The extent of the perturbation can be compared by noting the relative strength in
the Figs. 4.39a-d. Closer to the wall (y=2.09 mm), the perturbation is the strongest at 10 ms and weakest
at 40 ms. At y=2.95 mm, 6.39 mm and 10.35 mm, the strongest perturbation is observed at 20 ms, 30 ms
and 40 ms, respectively. At 10 ms, the perturbation does not reach y=6.39 mm. At 20 ms, the perturbation
does not reach y=10.35 mm. Also by observing the scales of the vertical axes, it can be noticed that the
strength of all perturbations decreases with wall-normal distance. For time delays larger than 40 ms, no
perturbation can be observed in the velocity field. These observations further support the conclusion that
the perturbation is created by the spherical (in three-dimensions) blast wave, originating at the actuator
location, and is moved downstream by both the movement of the feature through the medium as well as the
movement of the fluid itself. The maximum streamwise extent of this perturbation is approximately 17 mm
(about 10 times the cavity width).
The boundary layer profiles are shown in Fig. 4.40, with the u-velocity component normalized by the
freestream (horizontal axis of the plot), plotted as a function of the wall-normal coordinate (vertical axis of
the plot), at four streamwise locations. The effect of the perturbation on the boundary layer is observed at
x=1.41 mm, 3.82 mm, 6.91 mm and 11.04 mm at delays of 10 ms, 20 ms, 30 ms and 40 ms, respectively (marked
by black arrows). The boundary layer profile becomes more full at those locations at the corresponding times
listed. This increase in fullness due to the actuation is significant, as it can potentially enable a boundary
layer under an adverse pressure gradient to resist separation.
The study conducted for Mach 0.1 flow at 1 kHz actuation frequency for time delays of 10 ms, 20 ms, 30
ms, 40 ms, 60 ms and 80 ms and at 5 kHz actuation frequency for time delays of 10 ms, 20 ms, 40 ms, 60 ms and
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80 ms yielded similar results as the 10 kHz case described above. Hence, these case are not documented in
full detail to avoid redundancy. Also, the flow-field at longer time delays, studied for actuation frequencies
of 1 kHz and 5 kHz, was similar to the no-control case. Hence, with the PIV data documented above, the
perturbation and the effect of the boundary layer was measured and quantified.
4.4.4.3 LAFPA Effects on Separation
As the flow encounters the Glauert-Goldschmied diffuser ramp, it decelerates. This sets up an adverse pres-
sure gradient. Under this gradient, the boundary layer separates into a free shear layer, and a recirculation
region is created. PIV images were acquired, with the image window spanning the actuator location to the
end of the diffuser ramp. The laser sheet was aligned between the two electrodes, and phase-locked images
were performed at a fixed delay of 350 ms after the start of the actuation control signal. Similar to the
boundary layer perturbation investigation described earlier, although the delay was fixed at 350 ms, each
PIV image-pair contained information from multiple delay times. The range of frequencies investigated was
presented earlier in Table 4.2.
Figure 4.41 shows a speed color contour plot of the second view, for the no-control case. The Glauert-
Goldschmied model is illustrated by a dark gray mask on the bottom left part of the image. Streamlines
have been superimposed on the contours to highlight the flow features. The boundary layer is visible over
the flat section upstream of the ramp. Just downstream of the upstream edge of the ramp, the flow separates
into a free shear layer. The recirculation zone is partially visible between the shear layer and the ramp. For
all studied actuation frequencies, no discernible perturbations were observed. The observations made during
the boundary layer investigation indicated that the perturbations die out before reaching the edge of the
ramp. Hence, the shear layer stays unperturbed by the LAFPAs, as observed.
Figure 4.42 shows a speed color contour plot of the third view, for the no-control case. The laser sheet
enters the flow-field from the top window. Since a cylindrical lens is used to spread the beam into a sheet,
the sheet diverges with distance. Due to the large size of the image, the edges of the diverging laser sheet
are visible. Hence the vector field is not a rectangle, but a quadrilateral (including the ramp geometry). The
blacked-out regions in the image signify parts which the laser sheet was unable to illuminate. The Glauert-
Goldschmied model is illustrated by a dark gray mask on the bottom left part of the image. The PIV data
were acquired without phase-locking the images with a specific time delay, in order to observe the changes on
the global flow-field. The separation point is visible just downstream of the upstream edge of the ramp. The
free shear layer is observed along with the recirculation region. The reattachment location is also visible,
approximately 150 mm downstream of the ramp. For all actuation frequencies investigated, no change was
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observed in the separation or reattachment locations, or the size of the recirculation region. This observation
is also anticipated, given that the flow did not sustain or amplify the boundary layer perturbations created
by the LAFPAs over a significant distance to cause an effect on the strong separated flow over the ramp.
4.5 Summary
The investigation of active flow control with plasma-based actuators started with the design and develop-
ment of the actuator system and its controller. This phase of research was application non-specific, and
branched out into an overall capability-building endeavor for multiple plasma-based actuators and applica-
tions. Basic investigation of the plasma characteristics and the parametric performance of the rudimentary
prototype plasma-based actuator was conducted. This study helped in gaining a thorough understanding
on fundamental and operational levels, as well as working knowledge of the actuator system. One of the
major challenges in working with this system is the associated electro-magnetic interference which makes
diagnostic investigation difficult at best and impossible at worst. This challenge was overcome by employing
multiple EMI-reducing techniques, and data were successfully obtained using multiple diagnostic methods.
As mentioned earlier, the basic investigation was a collaborative effort, and based on the results and expe-
rience obtained, further individual exploration was performed for different applications of the plasma-based
actuators, including control of base-flows [54] and separation. The basic exploration also enabled acquisition
of data using myriad techniques, which hitherto was challenging at best or impossible in certain cases (in
particular, involving proximity of equipment to the actuators).
The specific application of the LAFPAs investigated in this study was boundary layer control of adverse
pressure gradient separated flows. Active boundary layer control via plasma-based actuators aims at en-
ergizing the boundary layer by deposition of energy into the flow at controllable frequencies, and creating
or enhancing pre-existing structures in the layer to encourage transport of momentum from the freestream
into the boundary layer. For successful as well as efficient control, it is imperative that the chosen frequency
lie within the range at which the flow-field is responsive. This investigation aimed at testing the creation
and sustenance of perturbations in a turbulent boundary layer using the LAFPAs, and their potential effect
on flow separation (freestream Mach number of 0.1). An attempt was made at numerically identifying the
instability range of the perturbation frequency for the measured mean boundary layer profile. Since this did
not yield an unstable frequency range solution, the instability range of the Blasius boundary layer profile
was chosen as a starting point, and a much wider range of frequencies (100 Hz to 100 KHz) was exper-
imentally investigated. The experimental study was performed via multiple diagnostics, including power
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measurements, schlieren imaging, surface flow visualization and particle image velocimetry. The flow-field
was effectively divided into two sections, pre-separation (boundary layer) and post separation (shear layer
and recirculation region). The LAFPA quad-array created perturbations in the boundary layer at a wide
range of frequencies. By tracking the temporal and spatial evolution of the perturbations, it was determined
that the perturbations originate from the blast waves that are created during the DC arc formation. The
perturbations dampened and disappeared at a streamwise distance of approximately 10 cavity-widths. The
flow failed to sustain or amplify the perturbations at all the frequencies studied. The jets ejected by the
actuators stayed largely uncoupled from the main flow. The effects of the LAFPAs were unambiguous and
measurable on the boundary layer, but due to the dampening of the perturbations and lack of coupling of
the actuation with the flow time-length scales, the overall Glauert-Goldschmied flow-field (separation and
reattachment) did not respond to the LAFPAs. Due to experimental constraints, the facility created a flow-
field where the side-wall effects and the vortices were very aggressive. The local effects of the LAFPAs in
increasing the fullness of the boundary layer and thinning it downstream of the actuator location do retain
some potential for these actuators to affect separation in perhaps a different and less aggressive flow-field.
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4.6 Figures
Figure 4.1: Schematic of the LAFPA driving-system.
Figure 4.2: Photographs of the LAFPA power system (left) and its internal components (right).
185
Figure 4.3: Schematic of a single-actuator LAFPA controller circuit used to operate and optically isolate
the high voltage switches.
Figure 4.4: Schematic of an optical transmitter-receiver pair circuit.
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Figure 4.5: Photograph of the blow-down wind tunnel facility used for the LAFPA investigation.
Figure 4.6: Profile view of the Glauert-Goldschmied ramp modified for the LAFPA investigation.
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Figure 4.7: CAD schematic of the test section with the LAFPA and the Glauert-Goldschmied ramp labeled.
Figure 4.8: Photograph of the LAFPA quad-array (with an inch ruler on top of it for scale).
188
Figure 4.9: CAD schematics (isometric view) of the LAFPA quad-array.
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Figure 4.10: CAD schematic (section side-view) of the LAFPA quad-array.
Figure 4.11: Schematic of the schlieren imaging setup.
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Figure 4.12: Schematic of the schlieren imaging timing control setup.
Figure 4.13: Schematic of the surface flow visualization setup.
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Figure 4.14: Schematic of the particle image velocimetry (PIV) setup.
Figure 4.15: Locations of PIV laser sheets. Main figure shows an isometric view showing the streamwise
extents of the sheets, and the inset on the top right shows the top view showing their spanwise locations.
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Figure 4.16: Schematic of the PIV timing control setup for actuation frequencies lower than 40 kHz.
Figure 4.17: Schematic of the PIV timing control setup for actuation frequencies higher than 40 kHz.
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Figure 4.18: Average emission image of an electric arc between two tungsten electrodes [50].
Figure 4.19: Electrical measurements (voltage across, and power vs. current through an actuator) of a
single actuator with 2 mm separation between the electrodes [50].
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Figure 4.20: Phase-locked average schlieren images of electric arc showing the heated plume and blast
waves. The electrodes are embedded inside cavities machined in a boron nitride plate, at angles of 90◦
(left) and 45◦ (right) to the horizontal surface [50].
Figure 4.21: Electrical measurements performed on the LAFPA actuator. The control signal (blue) and the
current through the arc (black) are plotted on the left axis, the voltage across the arc (green) and the
power (red) are plotted on the right axis.
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Figure 4.22: Phase-locked average schlieren images of the LAFPA quad-array, actuated in-phase at 100 Hz,
for different delay times (5 ms to 80 ms).
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Figure 4.23: Phase-locked average schlieren images of the LAFPA quad-array, actuated in-phase at 100 Hz,
for different delay times (100 ms to 500 ms).
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Figure 4.24: Blast wave location (above the boron nitride surface) vs. time delay (after actuation control
signal) as calculated from the phase-locked schlieren images of the LAFPA quad-array, actuated in-phase
at 100 Hz.
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Figure 4.25: Phase-locked average schlieren images of the LAFPA quad-array, actuated in-phase at 1 kHz,
at different delay times (20 ms to 200 ms).
199
Figure 4.26: Phase-locked average schlieren images of the LAFPA quad-array, actuated in-phase at 5 kHz,
for different delay times (10 ms to 150 ms).
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Figure 4.27: Surface flow visualization static images for flow over the Glauert-Goldschmied ramp. a: Oil
flow visualization with titanium dioxide suspended in 5W-30 motor oil, for Mach 0.3 flow with no flow
control. b: Illustrative streamlines for the Mach 0.3 flow indicating the flow features. c: Yarn tuft
visualization for Mach 0.1 flow with no flow control.
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Figure 4.28: Phase-locked average PIV color contours of the boundary layer streamwise u-velocity (top)
and the transverse v-velocity (bottom) components for the no-control case.
Figure 4.29: Incoming boundary layer profile as measured by PIV, and the curve fit using the Sun and
Childs method [190] in non-dimensionalized outer-coordinate (u/uinf vs. y/δ99) form (left) and the
dimensionless wall coordinate (u+ vs. y+) form (right).
202
Figure 4.30: Spatial stability curves for the Blasius boundary layer profile.
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Figure 4.31: Phase-locked mean PIV color contours of the transverse v-velocity component at a delay of 20
ms from the start of the control signal, for different actuation frequencies.
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Figure 4.32: Phase-locked mean PIV color contours of the streamwise u-velocity component at a delay of
20 ms from the start of the control signal, for different actuation frequencies.
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Figure 4.33: Line-plots of the two velocity components extracted from phase-locked mean PIV
measurements at a delay of 20 ms from the start of the control signal, for different actuation frequencies.
The line-plots highlight the following features: the jet ejection strength (a) and spatial extent (b), the
streamwise perturbation (c) and the boundary layer profile modification (d).
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Figure 4.34: Phase-locked mean PIV color contours of the streamwise u-velocity (left) and the transverse
v-velocity (right) component at a delay of 10 ms from the start of the control signal, for different actuation
frequencies.
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Figure 4.35: Line-plots of the two velocity components extracted from phase-locked mean PIV
measurements at a delay of 10 ms from the start of the control signal, for different actuation frequencies.
The line-plots highlight the following features: the jet ejection strength (a) and spatial extent (b), the
streamwise perturbation (c) and the boundary layer profile modification (d).
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Figure 4.36: Phase-locked mean PIV color contours of the streamwise u-velocity (left) and the transverse
v-velocity (right) component at an actuation frequency of 10 kHz for different time delays from the start of
the control signal.
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Figure 4.37: Phase-locked mean PIV color contours of the streamwise u-velocity (left) and the transverse
v-velocity (right) component at an actuation frequency of 10 kHz for different time delays from the start of
the control signal.
Figure 4.38: Line-plots of the transverse v-velocity component, showing the jet ejection strength (left) and
spatial extent (right), extracted from phase-locked mean PIV measurements at an actuation frequency of
10 kHz, at different time delays from the start of the control signal.
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Figure 4.39: Line-plots of the streamwise u-velocity component, showing the perturbation, extracted from
phase-locked mean PIV measurements at an actuation frequency of 10 kHz, at different time delays from
the start of the control signal.
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Figure 4.40: Line-plots of the streamwise u-velocity component, showing the boundary layer profile,
extracted from phase-locked mean PIV measurements at an actuation frequency of 10 kHz, at different
time delays from the start of the control signal.
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Figure 4.41: Mean velocity field color contours and streamlines for the flow (freestream Mach number =
0.1) over the Glauert-Goldschmied ramp (shown in gray), with the upstream boundary layer, the free shear
layer and the recirculation region (partial) in the field of view.
Figure 4.42: Mean velocity field color contours and streamlines for the flow (freestream Mach number =
0.1) over the Glauert-Goldschmied ramp (shown in gray), with the separated flow, the free shear layer and
the full recirculation region in the field of view.
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Chapter 5
Conclusions
This research endeavor had multiple objectives and motivations; overall, it is classified under the large
research area of aerodynamic flow control. Two flow control actuators – a pneumatic and a plasma-based
one – and two types of flow-fields – internal flow through an S-duct diffuser inlet and external flow over
Glauert-Goldschmied wall-hump and ramp models – were investigated.
The pneumatic actuator developed is a combination of steady blowing and vortex-generators (VGs),
christened the “pneumatically enhanced/deployed actuator”, and referred to by the acronym “PEDA”. The
combination of the passive VGs (in membrane-deployable or always-deployed form), and the active blowing
with a controllable flow-rate leads to the classification of this system as a hybrid device. The effect of the
PEDAs was studied on an external flow over the Glauert-Goldschmied wall-mounted hump, at a freestream
velocity of 30 m/s. Two variants of the PEDA - one with membrane-deployable VGs, another with always-
deployed VGs - were designed and implemented. Further, for the membrane-deployable PEDA variant, two
streamwise locations were investigated. Multiple diagnostics, including wall-static pressure measurements,
surface oil flow visualization and two-dimensional particle image velocimetry (PIV) measurements were
employed to investigate the effect of actuation. A large, effectively two-dimensional region of separation was
observed over the diverging part of the wall-hump. The effect of actuation, for all PEDA variants tested,
was to reduce the size and the streamwise extent of the separation bubble. An actuation coefficient Cq,
defined as the ratio of actuator flow-rate to the average flow-rate through the incoming boundary-layer,
was used to compare the performance of the variants. The maximum reduction in the separation bubble
length (60.3% of the baseline length) was observed when the always-deployed PEDA system was actuated
at Cq = 0.097. The performance of the VGs was observed in the always-deployed version, with 12.3%
reduction in the length of the separation bubble (at no jet actuation, Cq = 0), as compared to the baseline.
The combined effect of the vortices and the blowing was observed to increase the fullness of the boundary
layer downstream of the actuator location. Surface oil flow visualization and spanwise wall-static pressure
measurements highlighted the increase in three-dimensionality of the flow with increasing jet actuation.
Trapped vorticity just downstream of the actuators was also observed in the surface oil flow visualization
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images. Both PIV and surface flow visualization agreed on the trends observed (reduction in separation
bubble size with increasing actuation), although they differed in the actual values, potentially due to surface
oil flow visualization being more invasive into the flow than PIV. This investigation achieved three important
goals; first, it validated the performance of the PEDAs in reducing flow separation. Second, it generated
valuable design and working experience with the PEDAs. Third, the convenient diagnostic accessibility of
the test-models inside the test-section of the wind tunnel helped in gaining a good understanding of the
control mechanism of the actuator.
The plasma-based actuator investigated in this research is the “localized arc filament plasma actuator”,
or “LAFPA”. This actuator is essentially composed of two electrodes embedded inside a cavity, with DC
arcs created between the electrodes at a controllable frequency. This investigation sought to extend the
understanding of the flow control method of high-density energy deposition using LAFPAs to boundary layer
control in separated flows. The first phase of this research involved implementing the LAFPA actuator,
the control electronics, and high-voltage electrical system and circuitry driving it. The development of
electro-magnetic interference-reducing techniques allowed for the use of a wide array of diagnostic tools,
often in configurations hitherto-impossible, both successfully and safely. This investigation had additional
benefits beyond the current investigation to the research group, as a capability-building exercise enabling
work with other plasma-based actuators. In the second phase, a single LAFPA actuator was studied on a
fundamental level in quiescent conditions, via emission imaging, electrical measurements, schlieren imaging,
particle image velocimetry and spectroscopy. In the third phase, a four-actuator LAFPA quad-array was
developed and tested for its effects on boundary layer and separation in a flow over a Glauert-Goldschmied
ramp (freestream velocity approximately 35 m/s). Electrical measurements indicated that a single actuator
draws an average power of approximately 76 W. The time required for the breakdown to occur after the
high-voltage switch is activated was measured to be between 0.5 ms to 1 ms. The primary features of the
actuator observed by schlieren imaging were the blast wave, created at the initiation of each arc, and the
heated plume and jet ejecting out of the cavity, created by successive pulses. The speed of the blast wave
was measured as approximately 350 m/s, indicating that it is a weak Mach wave traveling at near-sonic
speed. Surface flow visualization highlighted the flow separation over the ramp, as well as the massive
side-wall effects and vorticity observed due to the short span of the wind tunnel. Particle image velocimetry
quantified the effect of the actuator on the boundary layer. The ejection of fluid from the cavity at each
actuation pulse was measured, with a maximum transverse velocity of approximately 13.5 m/s, 0.5 mm
above the cavity exit, at 10 ms after the actuation control pulse, for an actuation frequency of 1 kHz. The
actuation created a perturbation in the boundary layer that propagated downstream at a streamwise velocity
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of approximately 380 m/s, indicating the source of the perturbation to be the blast wave. This perturbation
was strongest for the actuation frequency range of 1 kHz to 10 kHz, potentially due to the instability range
of the boundary layer and the optimum jet ejection with the combination of refill-time and duty-cycle effects.
The perturbation modified the boundary layer, primarily by increasing its fullness. It dampened as it moved
downstream, and died out at approximately 17 mm (10 times the cavity width) downstream of the actuator.
The boundary layer did not seem receptive to strongly amplifying the instability over the wide range of
frequencies (100 Hz to 100 kHz) and modes tested, and the global flow-field and separation region stayed
largely unaffected.
The primary focus of this research endeavor was the investigation of flow control in an S-duct inlet diffuser.
The goal of this investigation was to improve the quality of the flow through the S-duct by increasing the
pressure recovery and reducing distortion. Since the geometry of the S-duct is very complex and unique, and
the flow is internal, a new wind tunnel facility was designed and constructed to perform the experiments,
with the S-duct test-section as an integral part of it. The facility was instrumented for performing pitot-
static pressure measurements at the AIP with high spatial resolution (396 locations over the AIP), wall-
static measurements at multiple streamwise and spanwise locations and surface oil flow visualization on
the bottom-wall. Two flow conditions were chosen for study: a high and a low inlet Mach number of 0.77
and 0.30, respectively. Bottom-wall static pressure measurements identified the streamwise adverse pressure
gradient that is set up in the inlet diffuser, just downstream of the first bend. The presence of two counter-
rotating vortices, formed as the flow negotiates the first bend, and the flow separation downstream of it were
observed by surface oil flow visualization. The pitot-static pressure measurements at the AIP measured the
regions of pressure deficit generated due to the presence of the counter-rotating vortices and separation, from
both bends, on the top and bottom part of the AIP. It was observed that the quality of the flow through
the S-duct and its performance deteriorates with increasing Mach number. The circumferential and radial
distortion, and the pressure recovery measured for the baseline S-duct at an inlet Mach number of 0.77 were
DPCPavg=5.88%, IDRmax=3.63% and PRavg=94.22% , respectively. The three performance metrics at the
lower inlet Mach number of 0.3 were measured as DPCPavg=0.88%, IDRmax=0.79% and PRavg=98.95%.
The PEDAs were modified and embedded inside the S-duct at two locations, one just upstream and the
other just downstream of the first bend, since the flow features generating the massive bottom-wall deficit
originated primarily at the first bend. Eight variants of the PEDA were developed and studied, three at
the downstream location and five at the upstream. The parametric variation, beyond the two streamwise
locations, included deployable VGs vs. always-deployed VGs and streamwise-ejection vs. skewed-ejection
jet actuation. An actuation coefficient, defined as the ratio of actuator flow-rate to S-duct core flow-rate,
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and used to compare the performance of the variants. All actuators showed strong effects on the S-duct
flow-field. With increasing actuation, the bottom-wall separation was reduced and eventually eliminated.
The VGs of the upstream skewed-ejection always-deployed actuators eliminated the bottom-wall separation,
even without any wall-jet actuation. The twin counter-rotating vortices generated at the first bend were
weakened by the action of the VGs and the wall-jets. For the upstream skewed-ejection actuators, the twin
vortices also moved away from each other. Particularly for the upstream always-deployed skewed-ejection
actuator, the weakening effect and the movement of those structures was the largest. This effect indicated
that the skewed-ejection actuators successfully satisfied their design objective – targeting the counter-rotating
vortices while preventing the buildup of the low-velocity boundary layer fluid at the bottom-wall, thereby
preventing separation.
Improvement in the AIP pressure distribution was observed for all actuators at both flow conditions, with
a reduction in the distortion and an increase in the pressure recovery. Lower distortion allows the engine (fan
and/or compressor) to operate efficiently without stall or surge. At the high inlet Mach number condition, the
upstream always-deployed skewed-ejection actuator yielded the lowest circumferential distortion (DPCPavg
= 2.76% at Cq = 0.0072 and an inlet Mach number of 0.73, a reduction of 53.1% as compared to the baseline).
The radial distortion was largely invariant for all actuator designs, although the upstream skewed-ejection
showed a slight increase in IDRmax with increasing actuation. The highest pressure recovery was observed
for the upstream always-deployed streamwise-ejection actuator (PRavg = 95.33% at Cq = 0.0093 and an
inlet Mach number of 0.73, an increase of 1.18% as compared to the baseline). For the baseline S-duct, the
1/rev and 2/rev harmonics dominated the inner and outer rings, respectively. The 1/rev and 2/rev harmonic
content decreased in general with increasing actuation. The streamwise-ejection actuators did not alter the
relative distribution of the harmonics. The skewed-ejection variant showed higher 3/rev harmonic content,
which increased with increasing actuation, than the streamwise-ejection variant. These variants also altered
the harmonic distribution to make the 3/rev harmonic content dominant at higher actuation levels.
At the low inlet Mach number condition (Min=0.3), the downstream always-deployed double streamwise-
ejection actuator yielded the lowest circumferential distortion (DPCPavg = 0.35% at Cq = 0.0105, a reduc-
tion of 60.3% as compared to the baseline). In general, minimum distortion values were obtained around
approximately Cq = 0.01, and higher levels of actuation indicated overactuation. The radial distortion
showed relatively weak correlation with the actuation coefficient, except for the upstream always-deployed
skewed-ejection actuator, which showed a monotonic reduction in radial distortion with increasing actuation
(minimum value of IDRmax=0.27% at Cq = 0.0178, a 66% reduction as compared to the baseline). This
substantial reduction in the radial distortion was due to the movement of the vortices radially outwards and
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away from the bottom-wall, and the creation of a region of high pressure near the bottom-wall due to the
jet actuation. This effectively led to an undistorted flow on the inner rings, and on the outer rings, the high
pressure regions compensated for the deficit due to the vortices, leading to a ring average pressure recovery
that was numerically close to the face average, thereby reducing the radial distortion. The pressure recovery
monotonically increased with the actuation coefficient for all variants. The highest pressure recovery was
observed for the upstream always-deployed skewed-ejection actuator (PRavg = 99.52% at Cq = 0.0178, an
increase of 0.57% as compared to the baseline). For the baseline S-duct, the 1/rev and 2/rev harmonics
dominated the inner and outer rings, respectively. The 1/rev harmonic content followed the overall distor-
tion trends, with a monotonic reduction until approximately Cq = 0.0100, beyond which overactuation was
observed, for all variants except the upstream always-deployed skewed-ejection actuator. For that variant,
the 1/rev harmonic content was much lower than for the other variants at Cq = 0, but increased monoton-
ically with increasing jet actuation. The 2/rev harmonic content decreased with increasing actuation for
all variants. The 4/rev harmonic content was relatively invariant (until overactuation), and no clear trend
could be established with the 3/rev harmonic content.
The different actuator variants were designed to address specific problems in the flow-field, including
the bottom-wall separation, the boundary layer thickening, the secondary flow, the twin counter-rotating
vortices and their combinations. Due to the differences in the targeted flow-features by different actuator
variants, and effectively the differences in their performance and AIP total pressure distributions, the set
of actuators offers an engineered choice based on the goal (or a combination of goals), including lowering
distortion, increasing pressure recovery, decreasing specific harmonic content and utilizing the low-intrusion
deployability. Thus, this investigation successfully achieved the combination of fundamental as well as
applied research objectives.
The overall research endeavor was fairly expansive in the different actuators developed/investigated as
well as in the different test-geometries and flow-fields studied. While most of the objectives were met with
substantial success, there is considerable potential for future research to further the directions and areas
explored. The PEDAs can be further optimized by widening the parametric space as well as improving the
internal plumbing of the devices. The effect of PEDAs on separation is not restricted to a particular type of
body or geometry. Through this research, it has been established that the PEDAs reduce separation in two
wide-application areas – ramps (external flow) and diffusers (internal flow). They can be implemented in
other devices that experience flow separation, including ramps, diffusers and inlets of other shapes, airfoils
and blades. The LAFPAs have a substantial effect on the boundary layer, as observed and measured in
this investigation. The effect can be further enhanced by improving the power systems allowing for higher
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currents through the DC arcs. The manipulation of the boundary layer to potentially enhance transport
of momentum also depends on the strength of the pre-existing instabilities. The LAFPA thus retains
its potential as a boundary layer control device for perhaps more responsive flow-fields, or in a stronger
configuration. The S-duct facility is operational and can be potentially used for a wide range of internal
flow investigations. The diagnostic setup offers more refined measurements than those prescribed in the
SAE ARP 1420 standard, allowing for better understanding of the duct-performance and the calculation
of an expanded set of performance metrics, for instance the higher level AIP harmonic content. With the
successful implementation of PEDAs in the S-duct for performance improvement, the parametric space can
be enlarged, beyond the actuator optimization mentioned earlier, by some redesign of the S-duct sections,
allowing for more locations for embedding the actuators. Similarly, other inlet diffuser geometries can be
tested by modifying the test section. Finally, after the required technological refinements, the actuators can
be implemented in actual S-ducts, and this research can be translated into a real-life engineering application.
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Appendix A
Glauert-Goldschmied Wall-Hump and
Ramp Coordinates
x/L y/L x/L y/L x/L y/L x/L y/L x/L y/L x/L y/L
0.000 0.3015 0.170 0.2293 0.340 0.1110 0.510 0.0498 0.680 0.0188 0.850 0.0022
0.005 0.3015 0.175 0.2251 0.345 0.1085 0.515 0.0486 0.685 0.0181 0.855 0.0020
0.010 0.3014 0.180 0.2210 0.350 0.1060 0.520 0.0474 0.690 0.0175 0.860 0.0018
0.015 0.3013 0.185 0.2169 0.355 0.1035 0.525 0.0462 0.695 0.0168 0.865 0.0016
0.020 0.3012 0.190 0.2128 0.360 0.1012 0.530 0.0451 0.700 0.0161 0.870 0.0015
0.025 0.3010 0.195 0.2087 0.365 0.0988 0.535 0.0440 0.705 0.0155 0.875 0.0014
0.030 0.3007 0.200 0.2046 0.370 0.0965 0.540 0.0429 0.710 0.0148 0.880 0.0013
0.035 0.3004 0.205 0.2005 0.375 0.0943 0.545 0.0419 0.715 0.0142 0.885 0.0012
0.040 0.3001 0.210 0.1965 0.380 0.0921 0.550 0.0408 0.720 0.0136 0.890 0.0011
0.045 0.2998 0.215 0.1926 0.385 0.0900 0.555 0.0398 0.725 0.0130 0.895 0.0010
0.050 0.2994 0.220 0.1887 0.390 0.0879 0.560 0.0388 0.730 0.0124 0.900 0.0010
0.055 0.2989 0.225 0.1848 0.395 0.0859 0.565 0.0378 0.735 0.0118 0.905 0.0009
0.060 0.2982 0.230 0.1810 0.400 0.0839 0.570 0.0368 0.740 0.0112 0.910 0.0009
0.065 0.2973 0.235 0.1773 0.405 0.0820 0.575 0.0359 0.745 0.0106 0.915 0.0008
0.070 0.2962 0.240 0.1736 0.410 0.0801 0.580 0.0349 0.750 0.0101 0.920 0.0008
0.075 0.2949 0.245 0.1700 0.415 0.0782 0.585 0.0340 0.755 0.0095 0.925 0.0007
0.080 0.2934 0.250 0.1664 0.420 0.0764 0.590 0.0331 0.760 0.0090 0.930 0.0007
0.085 0.2915 0.255 0.1628 0.425 0.0746 0.595 0.0322 0.765 0.0085 0.935 0.0007
0.090 0.2895 0.260 0.1594 0.430 0.0729 0.600 0.0313 0.770 0.0080 0.940 0.0006
0.095 0.2872 0.265 0.1559 0.435 0.0712 0.605 0.0304 0.775 0.0075 0.945 0.0006
0.100 0.2846 0.270 0.1525 0.440 0.0695 0.610 0.0296 0.780 0.0070 0.950 0.0005
0.105 0.2818 0.275 0.1492 0.445 0.0679 0.615 0.0287 0.785 0.0065 0.955 0.0005
0.110 0.2787 0.280 0.1459 0.450 0.0663 0.620 0.0279 0.790 0.0061 0.960 0.0004
0.115 0.2754 0.285 0.1427 0.455 0.0648 0.625 0.0271 0.795 0.0057 0.965 0.0004
0.120 0.2716 0.290 0.1395 0.460 0.0633 0.630 0.0263 0.800 0.0052 0.970 0.0003
0.125 0.2674 0.295 0.1364 0.465 0.0618 0.635 0.0255 0.805 0.0048 0.975 0.0002
0.130 0.2632 0.300 0.1334 0.470 0.0603 0.640 0.0247 0.810 0.0045 0.980 0.0002
0.135 0.2590 0.305 0.1304 0.475 0.0589 0.645 0.0239 0.815 0.0041 0.985 0.0001
0.140 0.2548 0.310 0.1275 0.480 0.0575 0.650 0.0232 0.820 0.0038 0.990 0.0001
0.145 0.2505 0.315 0.1246 0.485 0.0562 0.655 0.0224 0.825 0.0035 0.995 0.0000
0.150 0.2462 0.320 0.1218 0.490 0.0548 0.660 0.0217 0.830 0.0032 1.000 0.0000
0.155 0.2419 0.325 0.1190 0.495 0.0535 0.665 0.0210 0.835 0.0029
0.160 0.2377 0.330 0.1163 0.500 0.0522 0.670 0.0202 0.840 0.0026
0.165 0.2335 0.335 0.1136 0.505 0.0510 0.675 0.0195 0.845 0.0024
Table A.1: Profile coordinates of the Glauert-Goldschmied ramp (ramp length L = 3 in.) used in the
LAFPA investigation.
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x/c y/c x/c y/c x/c y/c x/c y/c x/c y/c x/c y/c
0.000 0.0305 0.168 0.1055 0.336 0.1368 0.504 0.1429 0.672 0.1365 0.840 0.0477
0.004 0.0309 0.172 0.1067 0.340 0.1372 0.508 0.1429 0.676 0.1359 0.844 0.0466
0.008 0.0315 0.176 0.1079 0.344 0.1376 0.512 0.1429 0.680 0.1352 0.848 0.0457
0.012 0.0323 0.180 0.1090 0.348 0.1380 0.516 0.1429 0.684 0.1344 0.852 0.0448
0.016 0.0333 0.184 0.1101 0.352 0.1383 0.520 0.1429 0.688 0.1336 0.856 0.0439
0.020 0.0345 0.188 0.1112 0.356 0.1387 0.524 0.1429 0.692 0.1328 0.860 0.0430
0.024 0.0359 0.192 0.1122 0.360 0.1390 0.528 0.1429 0.696 0.1317 0.864 0.0423
0.028 0.0374 0.196 0.1132 0.364 0.1394 0.532 0.1429 0.700 0.1304 0.868 0.0415
0.032 0.0392 0.200 0.1142 0.368 0.1397 0.536 0.1429 0.704 0.1288 0.872 0.0408
0.036 0.0411 0.204 0.1152 0.372 0.1400 0.540 0.1429 0.708 0.1268 0.876 0.0401
0.040 0.0432 0.208 0.1161 0.376 0.1403 0.544 0.1429 0.712 0.1243 0.880 0.0394
0.044 0.0454 0.212 0.1170 0.380 0.1405 0.548 0.1429 0.716 0.1215 0.884 0.0387
0.048 0.0477 0.216 0.1179 0.384 0.1408 0.552 0.1429 0.720 0.1185 0.888 0.0381
0.052 0.0501 0.220 0.1188 0.388 0.1410 0.556 0.1429 0.724 0.1152 0.892 0.0375
0.056 0.0526 0.224 0.1196 0.392 0.1413 0.560 0.1429 0.728 0.1119 0.896 0.0369
0.060 0.0552 0.228 0.1204 0.396 0.1415 0.564 0.1429 0.732 0.1084 0.900 0.0364
0.064 0.0577 0.232 0.1212 0.400 0.1417 0.568 0.1429 0.736 0.1050 0.904 0.0358
0.068 0.0603 0.236 0.1220 0.404 0.1419 0.572 0.1429 0.740 0.1017 0.908 0.0353
0.072 0.0629 0.240 0.1228 0.408 0.1420 0.576 0.1429 0.744 0.0984 0.912 0.0348
0.076 0.0654 0.244 0.1235 0.412 0.1422 0.580 0.1429 0.748 0.0951 0.916 0.0343
0.080 0.0679 0.248 0.1243 0.416 0.1423 0.584 0.1428 0.752 0.0919 0.920 0.0339
0.084 0.0703 0.252 0.1250 0.420 0.1425 0.588 0.1428 0.756 0.0888 0.924 0.0334
0.088 0.0726 0.256 0.1257 0.424 0.1426 0.592 0.1427 0.760 0.0858 0.928 0.0330
0.092 0.0748 0.260 0.1264 0.428 0.1427 0.596 0.1426 0.764 0.0829 0.932 0.0326
0.096 0.0769 0.264 0.1271 0.432 0.1427 0.600 0.1425 0.768 0.0801 0.936 0.0323
0.100 0.0789 0.268 0.1277 0.436 0.1428 0.604 0.1424 0.772 0.0774 0.940 0.0320
0.104 0.0808 0.272 0.1283 0.440 0.1429 0.608 0.1422 0.776 0.0748 0.944 0.0317
0.108 0.0827 0.276 0.1290 0.444 0.1429 0.612 0.1421 0.780 0.0723 0.948 0.0314
0.112 0.0845 0.280 0.1296 0.448 0.1429 0.616 0.1419 0.784 0.0700 0.952 0.0313
0.116 0.0863 0.284 0.1302 0.452 0.1429 0.620 0.1417 0.788 0.0677 0.956 0.0311
0.120 0.0880 0.288 0.1308 0.456 0.1429 0.624 0.1414 0.792 0.0656 0.960 0.0310
0.124 0.0896 0.292 0.1314 0.460 0.1429 0.628 0.1412 0.796 0.0636 0.964 0.0309
0.128 0.0912 0.296 0.1319 0.464 0.1429 0.632 0.1409 0.800 0.0617 0.968 0.0308
0.132 0.0928 0.300 0.1325 0.468 0.1429 0.636 0.1406 0.804 0.0599 0.972 0.0308
0.136 0.0944 0.304 0.1330 0.472 0.1429 0.640 0.1403 0.808 0.0582 0.976 0.0308
0.140 0.0959 0.308 0.1335 0.476 0.1429 0.644 0.1399 0.812 0.0566 0.980 0.0307
0.144 0.0974 0.312 0.1340 0.480 0.1429 0.648 0.1395 0.816 0.0551 0.984 0.0307
0.148 0.0989 0.316 0.1345 0.484 0.1429 0.652 0.1391 0.820 0.0537 0.988 0.0307
0.152 0.1003 0.320 0.1350 0.488 0.1429 0.656 0.1387 0.824 0.0523 0.992 0.0306
0.156 0.1017 0.324 0.1355 0.492 0.1429 0.660 0.1382 0.828 0.0511 0.996 0.0306
0.160 0.1030 0.328 0.1359 0.496 0.1429 0.664 0.1377 0.832 0.0499 1.000 0.0305
0.164 0.1042 0.332 0.1364 0.500 0.1429 0.668 0.1371 0.836 0.0487 0.000 0.0000
Table A.2: Profile coordinates of the Glauert-Goldschmied Model 0 (chord length c = 8.19 in.) used in the
PEDA investigation.
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x/c y/c x/c y/c x/c y/c x/c y/c x/c y/c x/c y/c
0.000 0.0348 0.168 0.1124 0.336 0.1501 0.504 0.1627 0.672 0.1414 0.840 0.0491
0.004 0.0352 0.172 0.1138 0.340 0.1506 0.508 0.1627 0.676 0.1386 0.844 0.0483
0.008 0.0357 0.176 0.1152 0.344 0.1512 0.512 0.1627 0.680 0.1356 0.848 0.0475
0.012 0.0365 0.180 0.1165 0.348 0.1517 0.516 0.1627 0.684 0.1324 0.852 0.0468
0.016 0.0373 0.184 0.1178 0.352 0.1522 0.520 0.1627 0.688 0.1290 0.856 0.0460
0.020 0.0384 0.188 0.1191 0.356 0.1527 0.524 0.1627 0.692 0.1256 0.860 0.0454
0.024 0.0397 0.192 0.1203 0.360 0.1532 0.528 0.1626 0.696 0.1222 0.864 0.0447
0.028 0.0411 0.196 0.1215 0.364 0.1537 0.532 0.1626 0.700 0.1188 0.868 0.0440
0.032 0.0427 0.200 0.1227 0.368 0.1542 0.536 0.1625 0.704 0.1155 0.872 0.0434
0.036 0.0444 0.204 0.1239 0.372 0.1546 0.540 0.1624 0.708 0.1122 0.876 0.0428
0.040 0.0463 0.208 0.1250 0.376 0.1551 0.544 0.1623 0.712 0.1089 0.880 0.0422
0.044 0.0484 0.212 0.1260 0.380 0.1555 0.548 0.1622 0.716 0.1057 0.884 0.0417
0.048 0.0505 0.216 0.1271 0.384 0.1559 0.552 0.1620 0.720 0.1025 0.888 0.0411
0.052 0.0528 0.220 0.1281 0.388 0.1563 0.556 0.1619 0.724 0.0995 0.892 0.0406
0.056 0.0551 0.224 0.1291 0.392 0.1567 0.560 0.1617 0.728 0.0965 0.896 0.0401
0.060 0.0576 0.228 0.1301 0.396 0.1571 0.564 0.1615 0.732 0.0936 0.900 0.0396
0.064 0.0601 0.232 0.1311 0.400 0.1575 0.568 0.1613 0.736 0.0908 0.904 0.0391
0.068 0.0626 0.236 0.1320 0.404 0.1578 0.572 0.1610 0.740 0.0882 0.908 0.0386
0.072 0.0652 0.240 0.1329 0.408 0.1582 0.576 0.1608 0.744 0.0856 0.912 0.0382
0.076 0.0678 0.244 0.1338 0.412 0.1585 0.580 0.1605 0.748 0.0831 0.916 0.0378
0.080 0.0703 0.248 0.1347 0.416 0.1588 0.584 0.1602 0.752 0.0807 0.920 0.0374
0.084 0.0729 0.252 0.1356 0.420 0.1591 0.588 0.1599 0.756 0.0784 0.924 0.0370
0.088 0.0754 0.256 0.1364 0.424 0.1594 0.592 0.1595 0.760 0.0762 0.928 0.0367
0.092 0.0778 0.260 0.1372 0.428 0.1597 0.596 0.1592 0.764 0.0741 0.932 0.0363
0.096 0.0802 0.264 0.1380 0.432 0.1600 0.600 0.1588 0.768 0.0721 0.936 0.0361
0.100 0.0826 0.268 0.1388 0.436 0.1603 0.604 0.1583 0.772 0.0703 0.940 0.0358
0.104 0.0848 0.272 0.1396 0.440 0.1605 0.608 0.1579 0.776 0.0684 0.944 0.0356
0.108 0.0869 0.276 0.1403 0.444 0.1607 0.612 0.1574 0.780 0.0667 0.948 0.0355
0.112 0.0889 0.280 0.1411 0.448 0.1610 0.616 0.1569 0.784 0.0651 0.952 0.0353
0.116 0.0909 0.284 0.1418 0.452 0.1612 0.620 0.1564 0.788 0.0636 0.956 0.0352
0.120 0.0928 0.288 0.1425 0.456 0.1614 0.624 0.1558 0.792 0.0621 0.960 0.0352
0.124 0.0947 0.292 0.1432 0.460 0.1616 0.628 0.1552 0.796 0.0607 0.964 0.0351
0.128 0.0965 0.296 0.1439 0.464 0.1617 0.632 0.1545 0.800 0.0594 0.968 0.0351
0.132 0.0982 0.300 0.1446 0.468 0.1619 0.636 0.1538 0.804 0.0581 0.972 0.0350
0.136 0.0999 0.304 0.1452 0.472 0.1620 0.640 0.1531 0.808 0.0569 0.976 0.0350
0.140 0.1016 0.308 0.1459 0.476 0.1622 0.644 0.1523 0.812 0.0558 0.980 0.0350
0.144 0.1032 0.312 0.1465 0.480 0.1623 0.648 0.1514 0.816 0.0547 0.984 0.0349
0.148 0.1048 0.316 0.1472 0.484 0.1624 0.652 0.1504 0.820 0.0536 0.988 0.0349
0.152 0.1063 0.320 0.1478 0.488 0.1625 0.656 0.1492 0.824 0.0526 0.992 0.0348
0.156 0.1079 0.324 0.1484 0.492 0.1626 0.660 0.1478 0.828 0.0517 0.996 0.0348
0.160 0.1094 0.328 0.1489 0.496 0.1626 0.664 0.1460 0.832 0.0508 1.000 0.0348
0.164 0.1110 0.332 0.1495 0.500 0.1627 0.668 0.1439 0.836 0.0499
Table A.3: Profile coordinates of the Glauert-Goldschmied Model 1 and Model 2 (chord length c = 7.19
in.) used in the PEDA investigation.
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Appendix B
Uncertainty Analysis
The method of propagation of uncertainty was used to calculate the uncertainty Ux of a given variable x.
Pressure:
P = Pd + Pamb (B.1)
=⇒ UP =
√(
∂P
∂Pd
UPd
)2
+
(
∂P
∂Pamb
UPamb
)2
(B.2)
=
√
UPd
2 + UPamb
2 (B.3)
where P = absolute pressure, Pd = differential pressure, Pamb = ambient pressure, γ = specific heat ratio.
Pressure recovery:
PR = P/Pref (B.4)
=⇒ UPR =
√(
∂PR
∂P
UP
)2
+
(
∂PR
∂Pref
UPref
)2
(B.5)
=
√
(PrefUP )
2
+ (PUPref )
2
Pref
2 (B.6)
(B.7)
where PR = pressure recovery, Pref = reference pressure.
Mach number:
M =
√√√√ 2
(γ − 1)
(
Po
Ps
(γ−1)/γ
− 1
)
(B.8)
=⇒ UM =
√(
∂Min
∂Po
UPo
)2
+
(
∂Min
∂Ps
UPs
)2
(B.9)
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=
1.4285
M
1
Po
0.7143Ps
0.2857
√
UPo
2 +
(
Po
Ps
)2
UPs
2 (B.10)
where M = Mach number, Po = total pressure, Ps = static pressure.
Flow-rate:
Q = MaA = MA
√
γRT (B.11)
= MA
√
γRTamb
(
1 +
(γ − 1)
2
M2
)−1
(B.12)
= (A
√
γR)(
√
Tamb)
(√
M2
(1 + 0.2M2)
)
(B.13)
=⇒ UQ =
√(
∂Q
∂M
UM
)2
+
(
∂Q
∂Tamb
UTamb
)2
(B.14)
=
A
√
γR
2
√
(1 + 0.2M2)
(√
M2
Tamb
UTamb
2 +
Tamb
(1 + 0.2M2)2
UM
2
)
(B.15)
where Q = flow rate, M = Mach number, A = cross-sectional area, a = speed of sound, R = gas constant.
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Appendix C
S-duct Facility Design and
Instrumentation
This appendix documents the details of the S-duct facility instrumentation and design.
The orifice plate flow-meter, fabricated by Imperial Flange and Fitting Company Inc., measures the flow-
rate through a pipe. The flow-meter assembly was instrumented as follows:
i. Line temperature: An Omega TC-J-NPT-G-72 thermocouple was used to monitor the temperature at
the upstream end of the inlet pipe
ii. Line pressure: The line pressures at the upstream end of the inlet pipe and the inlet of the manifold
were monitored by two ±100 psig pressure transducers from the PSI 9116 module.
iii. Orifice plate differential pressure: The differential pressure across the orifice plate was measured by the
differential pressure transducer Omega MMDDU005V10P1D0T1A3 with a range of 0 psid to 5 psid.
These measurements were used to calculate the flow rate using the following equations.
ρop =
PLop
RTop
(C.1)
µop = µo ∗
(
0.554TRo + Csuth
0.554TRop + Csuth
)(
TRop
TRo
)
(C.2)
βop =
dop
Dop
= 0.72051 (C.3)
Eop =
√
1
1− β4op
(C.4)
eop = 1− (0.41 + 0.35β4op)
∆Pop
χPLop
(C.5)
Cop = 0.5961 + 0.0261β
2
op − 0.216β8op + 0.000521
(
106βop
Reop
)0.7
+
(
0.0188 + 0.0063
(
19000βop
Reop
)0.8)(
106
Reop
)0.3
β1.3op (C.6)
QPEDA = CopeopEop
piD2op
4
√
2∆Pop
ρop
(C.7)
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VLop =
4QPEDA
piD2op
(C.8)
Reop =
VLopDop
µop
(C.9)
where
ρop = Density
PLop = Upstream line pressure
R = Universal gas constant
Top = Upstream line temperature
µop = Dynamic viscosity in centipoise
µo = Reference viscosity in centipoise = 0.01827 for standard air
TRo = Reference temperature in Rankine = 524.07 for standard air
TRop = Upstream line temperature in Rankine
Csuth = Sutherland’s constant = 120 for standard air
βop = Orifice plate bore diameter to pipe inner diameter ratio
dop = Orifice plate bore diameter = 0.5937”
Dop = Pipe inner diameter = 0.824”
Eop = Equation coefficient
eop = Expansion coefficient
∆Pop = Differential pressure across orifice plate
χ = isentropic coefficient = 1.4 for standard air
Cop = Coefficient of discharge
Reop = Reynold’s number
QPEDA = PEDA flowrate
VLop = Velocity upstream of orifice plate
The pitot-static probes were customized and fabricated by United Sensor Corp. Figures C.1 and C.2 give
the engineering drawings of these probes.
Figure C.3 gives the engineering drawing of the S-duct inlet diffuser.
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Figure C.1: Engineering drawing of the pitot-static probe (one of two) used in the S-duct facility.
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Figure C.2: Engineering drawing of the pitot-static probe (two of two) used in the S-duct facility.
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Figure C.3: Engineering drawing of the S-duct diffuser inlet.
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Appendix D
Facility Operating Procedures
D.1 S-duct Facility Startup Procedure
While the S-duct facility was controlled primarily by a computer via a LabVIEW VI, the gate mechanism
was operated using manual switches. The operating procedure to start the facility is listed below.
i. Turn the power on for all diagnostics required (pressure measurement modules, linear traverses, diag-
nostic collar motor, flow visualization cameras and blower current meter).
ii. Flip the three-phase disconnect of the blower VFD to the on position. Turn the VFD controller on.
iii. Start the S-duct facility controller LabVIEW VI on the computer.
iv. For the low inlet Mach number operation mode, increase the RPM of the blower to the desired level
(approximately 1500 RPM) using the VI. Ensure that the RPM change is gradual. Do not increase the
RPM beyond 1900 to protect the blower motor from drawing current higher than the service factor.
Skip the following steps. For the high inlet Mach number operation mode, skip this current step and
go to the next step.
v. Set the regulator valve controlling the pneumatic piston at 80 psi. Ensure the throttle valve is in the
off position, to prevent the gate from rising unsupervised.
vi. Activate the lift jack and keep it engaged until it moves to its extended position, sliding the gate along
with it.
vii. Activate the switch for the solenoid valve of the gate mechanism, allowing for the mechanism to rotate
when nitrogen is provided to the piston.
viii. Provide nitrogen to the piston by turning the throttle valve clockwise slightly. As the gate mechanism
begins to rise, guide it manually to ensure it gently envelopes the bellmouth.
ix. Increase the blower RPM using the LabVIEW VI gradually until it reaches full 3500 RPM.
230
x. Activate the lift jack to move it into the retracted position, to slide the gate mechanism down, while
monitoring the current drawn by the blower.
xi. Turn the solenoid valve off to rotate the gate mechanism down. Disconnect the power to the solenoid
valve immediately to prevent accidental triggering back of the gate mechanism.
xii. Activate the lift jack to move it back into the extended position to maximize the distance between the
bellmouth and the gate.
xiii. Adjust the blower RPM to achieve the desired inlet Mach number.
D.2 LAFPA Operation Protocol
The operating protocol for the LAFPA was developed during the first phase of the LAFPA investigation.
Further refinements were made to improve upon the operational safety, including remote shut-off switches and
an interlocking mechanism. The first version of the protocol has been documented in the PhD dissertation
by Bradley DeBlauw [54], and reproduced here with the additions.
LAFPA - Operation Protocol: Setup, Operation, and Shut Down (Version 5, August 20, 2012)
Setup:
i. Two people must be in the lab at all times the HV is on.
ii. Plug in and turn on the surge protectors.
iii. Ensure all cooling fans are operating normally.
iv. Check all electrical connections. Ensure solid connections, adequate spacing, and no shorts.
v. Prepare facility/wind tunnel. Ensure facility is grounded and that the cart is grounded to the wall
receptacle ground and a good earth ground.
vi. Confirm anode and cathode are connected electrically and that ground/power lines are not grounding
out on tables, other wires, etc. Ensure all BNC and low-voltage lines are clear of high voltage wires.
vii. Turn on the 5 V (15 V and 85 V, if necessary) power supplies. Ensure appropriate voltage setting
(5.5 to 10 V), stability of voltage signal, and that the current is adequate to maintain signal. Check
jumper between (-) and (gnd).
viii. Confirm all appropriate signal connections on the PCB/circuit board box.
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ix. Turn on function generator. Set desired frequency and duty cycle.
x. Ensure coolant level is adequate and that both valves are fully open (valve handle in line with coolant
lines). Then, power on the cooling tower. Slowly close the bypass coolant line ball valve until a flow
rate of 1 GPM (3.8 liters per minute) is achieved. The pressure should be around 5 psi (34.5 kPa). Do
not allow the pressure to surpass 10 psi (68.9 kPa). Check for leaks. Fix any leaks before proceeding.
Do not allow the temperature of the coolant to exceed 100 deg. F. (311 K) (Note: opening both valves
initially is preferred rather than leaving them in their previous position because of pressure spikes that
can occur during startup.) Note coolant level.
xi. Before turning on HV, double check connections, grounds, and leaks. Use a probe to check for continuity
for any new configuration.
xii. Make sure all shields and guards are in place. Hang the two rubber mats (front and back, with eyelets)
from their respective bolts. Be sure to affix the mat to both the top and bottom bolts.
xiii. Remove discharging ground wires from resistor clips.
xiv. Ensure interlock is activated.
xv. Check that different parts of the facility are grounded using the multimeter.
Start-up:
i. Make sure all circuit modifications are complete. Unlock/untag the Lock out-Tag out (LOTO) setup
from the power disconnect and energize 3-phase power to HV DC PS by throwing switch upward. Do
not touch the middle level of the cart after unlocking the LOTO setup.
ii. Turn on HV DC PS by flipping the PS’s breaker. Ensure positive polarity. Set voltage and current to
appropriate settings. Ensure current limit exceeds desired max. If new electronic configuration, turn
the voltage setting to zero and the current setting to 0.01 A. Slowly, increase voltage being sure to use
caution to isolate yourself.
iii. Put on the appropriate HV personal protective equipment (HV gloves with leather protectors).
iv. Set facility for desired flow conditions.
v. Initiate HV on HV DC PS with green push button.
vi. Acquire required data set.
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Shut down:
i. Turn off plasma by turning off the HV with the remote off push button.
ii. Observe the voltage drain to approximately 0.03 kV on HV DC PS meter.
iii. When finished testing or if HV circuit modifications need to be made, turn off the HV DC PS using
the front panel breaker.
iv. De-energize 3-phase power from wall electrical disconnect by throwing switch down. Be sure to lock-
out/tag-out the disconnect.
v. Caution: Allow adequate time (approximately 1 minute for the LAFPA capacitor) for the HV PS
capacitor to drain. check with HV probe and multimeter before touching.
vi. Hook discharging ground wires to resistor clips.
vii. If end of day, make sure the HV is off first (including HV PS unit breaker and wall disconnect with
lock out-tag out procedure; double check capacitor drainage and any points in question with the HV
probe) and then turn off the rest of the power supplies, cooling tower, and surge protectors. Listen for
cooling fans and check for any potential leaks that may have developed. Check final coolant level/mark
if changed.
General Plasma Safety Considerations:
i. Put on general personal protective equipment (i.e., safety glasses, etc.)
ii. No jewelry, watches, or loose metal objects are allowed to be on your person while working on circuitry
or running the actuators.
iii. All operators need a safety briefing before beginning work. Once briefed the new operator should sign
off that they have received such training.
iv. Make sure power supply is off and capacitor is drained before touching hot or ground leads/electrodes.
v. Make sure all circuits are disconnected/turned off/discharged before working on them.
vi. Ensure the wind tunnel/work bench is grounded. This can be confirmed with a continuity/resistance
test. Redundancy in grounding is encouraged, but use star grounding to eliminate ground loops.
vii. Only use one hand when working on any circuits. Put other hand in pocket or behind back.
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viii. Ensure high-voltage electrode is isolated from potential grounds.
ix. Use the electrically insulated gloves and arc flash face shield when running the tunnel or directly
probing the HV.
x. Give the DC PS capacitors time (minimum 10 minutes) to discharge before opening the cover to the
PS generator for any reason.
xi. Electrical safety gloves need to be periodically air tested for good integrity. They also need to be tested
at a lab after six months of use (with a 12 month shelf life).
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Appendix E
PEDA Flow Control in S-Duct
Additional Data
The AIP total pressure profile of the PEDA variants that were not documented in Chapter 3 are given in
this appendix.
Figures E.1 and E.2 show the pressure recovery contours for the downstream membrane-deployable
streamwise-ejection actuator, at the high and low inlet Mach number conditions, respectively.
Figures E.3 and E.4 show the pressure recovery contours for the downstream always-deployed streamwise-
ejection actuator, at the high and low inlet Mach number conditions, respectively.
Figures E.5 and E.6 show the pressure recovery contours for the upstream membrane-deployable streamwise-
ejection actuator, at the high and low inlet Mach number conditions, respectively.
Figures E.7 and E.8 show the pressure recovery contours for the upstream always-deployed streamwise-
ejection actuator, at the high and low inlet Mach number conditions, respectively.
Figure E.9 shows the pressure recovery contours for the upstream membrane-deployable skewed-ejection
actuator, at the low inlet Mach number condition.
Figures E.10 and E.11 show the pressure recovery contours for the upstream robust-deployable skewed-
ejection actuator, at the high and low inlet Mach number conditions, respectively.
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Figure E.1: AIP total pressure recovery contours for the S-duct with the downstream membrane-deployable
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure E.2: AIP total pressure recovery contours for the S-duct with the downstream membrane-deployable
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure E.3: AIP total pressure recovery contours for the S-duct with the downstream always-deployed
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure E.4: AIP total pressure recovery contours for the S-duct with the downstream always-deployed
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure E.5: AIP total pressure recovery contours for the S-duct with the upstream membrane-deployable
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure E.6: AIP total pressure recovery contours for the S-duct with the upstream membrane-deployable
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure E.7: AIP total pressure recovery contours for the S-duct with the upstream always-deployed
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.77.
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Figure E.8: AIP total pressure recovery contours for the S-duct with the upstream always-deployed
streamwise-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure E.9: AIP total pressure recovery contours for the S-duct with the upstream membrane-deployable
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Figure E.10: AIP total pressure recovery contours for the S-duct with the upstream robust-deployable
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.73.
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Figure E.11: AIP total pressure recovery contours for the S-duct with the upstream robust-deployable
skewed-ejection actuator at different actuation levels (Cq), at an inlet Mach number of 0.30.
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Appendix F
LAFPA Photographs and Engineering
Drawings
In this appendix, photographs of the electronic circuits developed for plasma actuator control and the optical
communication are given (Figs. F.1 to F.3). Also given are engineering drawings of the components of the
localized arc filament plasma actuator (Figs. F.4 to F.6).
Figure F.1: Photograph of the printed circuit board developed to control the LAFPAs.
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Figure F.2: Photograph of the optical communication transmitter printed circuit board.
Figure F.3: Photograph of the optical communication transmitter printed circuit board.
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Figure F.4: Engineering drawing of the LAFPA aluminum part (all dimensions in inches).
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Figure F.5: Engineering drawing of the LAFPA SLA part (all dimensions in inches).
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Figure F.6: Engineering drawing of the LAFPA boron nitride insert (all dimensions in inches).
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